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Preface

Practical demonstrations of diode laser emission from the broad surface area
rather than from the cleaved facet of the wafer are relatively recent. This is so
despite the fact that the concepts are many years old. The vertical-ca vity
approach was demonstrated by Melngailis in 1964, and the grating surfaceemitting and folded-cavity appr~ach were reported by many authors in the mid
to late 1970s. Many, perhaps most, of the concepts discussed in this book were
around for many years before they were actively pursued. The advances over
the last ten years, mainly in materials, are largely responsible for the capability
to implement the ideas presented into working devices. We can look forward to
continued progress in materials, processing, and design during the next decade
and can expect to see semiconductor laser performance outstripping even our
present dreams.
There are now frequent reports on all three principal types of diode laser
and diode laser array surface emitters in the literature. Unlike edge-emitting
semiconductor lasers, the surface emission approach allows the use of mass production techniques throughout the fabrication process. In addition, the surfaceemission approach allows testing of the completed devices at the wafer level,
before dicing and packaging . These same capabilitie s yielded tremendou s
reductions in cost and enormous increases in the performance and reliability of
transistors and other solid state electronic devices. Surface-emitting approaches
also allow the integration of single or numerous lasers to form photonic integrated circuits or high power, monolithic, two-dimensional arrays.
Because of the now extensive literature on surface-emitting diode lasers
and arrays and the proposed and emerging applications of these exciting and
practical new devices in a variety of systems, we feel that this in-depth book
xi

xii

Preface

covering the field will be useful to researchers, users, and students interested in
the field of lasers, electrooptics, and optical communication. Recent work has
been motivated by numerous goals, including low power, integrated sources to
replace electrical interconnects with optical interconnects for ultra large-scale
integrated circuits; two-dimensional, independently addressable laser arrays for
neural networks; steerable output beams for optical computers; high power with
large emitting areas for pumping solid-state lasers; and coherent, single frequency, high-power operation with a controlled output beam for space communication and second harmonic generation.
The information in this book is intended to provide the reader with both
knowledge about fundamental concepts and the present state of the art of surface-emitting lasers. There are definitive chapters on vertical-cavity, etchedfacet-mirror, and grating surface emitters. Additional chapters treat the operation of Bragg grating couplers; edge-emitting diode laser arrays; the theory of
phase locking, modes, and beam steering of surface-emitting arrays; external
methods of phase locking arrays; coherence and phase control in laser arrays;
and thermal considerations in two-dimensional surface-emitting arrays.
We have fortunately been able to enlist some of the leading researchers and
developers of surface-emitting diode lasers to contribute to this book. We wish
to thank them for many interesting and productive discussions in connection
with the preparation of this work. We also wish· to thank RCA Laboratories
(now the David Sarnoff Research Center), Princeton, New Jersey, for providing
both of us with talented collaborators, up-to-date equipment, and a pleasant
environment in which most of our work described herein was carried out.
Gary A. Evans
Dallas, Texas
Jacob M. Hammer
Seaford, Virginia
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Chapter 1
INTRODUCTION
Gary A. Evans* and Jacob M. Hammed
David Sarnoff Research Center, Princeton, New Jersey

I.

BACKGROUND

During the early 1970s, the emphasis in semiconductor laser research was
directed at obtaining reliable continuous wave ( CW) operation of several
milliwatts, a single spatial mode, and reasonable device efficiency, mainly
for fiber optics applications. These goals could best be met with semiconductor laser cavities using perfect crystal plane mirrors achieved by simple
cleaving techniques, as shown in Fig. 1(a). These partially reflecting cleaved
facets, whose reflectivity could be reduced or enhanced with coatings,
allowed the laser light to be coupled out of one or both edges of the device.
By the late 1970s and early 1980s, semiconductor laser research was
driving towards higher power (tens or hundreds of mWs) with longitudinal
mode control and reduced far-field beam divergence. By the mid 1980s,
edge-emitting semiconductor lasers had achieved over 100 mW of output
in a controlled mode from a single device and electrical to optical efficiencies
in the vicinity of 50% were being reported for broad area devices. Edgeemitting arrays, the subject of Chapter 2, had also demonstrated at this
time beam divergences as narrow as a few degrees in one dimension. These
results were all obtained in AlGaAs lasers emitting in the 0.8 to 0.9 fLm
region.

* Current address: Southern Methodist University, School of Engineering and Applied
Science, Dallas, Texas.
t Current address: Photonics Consulting, Seaford, Virginia.
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Fig. 1. (a) Conventional semiconductor laser with edge-emission; (b) vertical
cavity surface-emitting laser; (c) grating outcoupled surface-emitting laser; and (d)
integrated deflector surface-emitting laser.
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Development of semiconductor lasers based on InGaAsP, emitting around
1.3 fLm and 1.5 fLm occurred in parallel. Driven by optical fiber applications,
these longer wavelength lasers required dynamic single longitudinal mode
operation which is achieved by using a grating to provide distributed
feedback (DFB) or distributed Bragg reflection (DBR). Presently, numerous
companies are producing both AlGaAs and InGaAsP semiconductor lasers
commercially, with the compact audio disc industry alone now requiring a
few million AlGaAs lasers per month. Commercial production of InGaAsP
devices is estimated at about one-tenth that of the shorter wavelength
devices.

II.

SURFACE-EMITIING LASERS

In the mid 1980s, the demonstrated performance of diode lasers suggested
that they could be used for extensive applications beyond fiber optics,
compact optical discs, and optical recording. They could replace flashlamps
as solid state laser pumps, provide optical interconnects between integrated
circuits or within computers and possibly even replace large gas and solidstate lasers in high power, high coherence applications such as satellite
communication and laser machining and welding. These new possibilities
caused an increased interest in surface-emitting geometries for semiconductor lasers in an effort to find the best device configuration for a given
application or performance level. One expectation was that surface-emitting
approaches would allow combining the power of hundreds or thousands
of low-power, grain-of-salt sized devices into a monolithic, coherent high
power array of semiconductor lasers while maintaining the efficiency and
spectral properties of the individual cleaved-facet semiconductor lasers.
Results obtained in the last few years and which are described in the chapters
of this book are validating the hoped for performance of surface-emitting
semiconductor lasers.
In addition to the useful features that make them attractive as replacements for conventional, cleaved-facet semiconductor lasers in some applications, surface-emitting lasers can provide a basis for the use of optics in a
number of technologies which cannot easily use cleaved-facet lasers.
A salient feature of the surface-emitters is that they can be grown,
fabricated, tested, and used in a monolithic-planar geometry which is similar
to the geometry used for electronic integrated circuits. For example, conventional cleaved facet lasers cannot be easily integrated into an optoelectronicintegrated circuit (OEIC) since the act of cleaving separates the laser from
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the rest of the chip. This problem can be partially reduced by using etching
or micro-cleaving techniques to define the laser facets on the circuit.
However, in many integration applications, it is desirable to have the laser
connected to an on-chip waveguide, or to have the laser communicate to
another chip. Unfortunately, an etched or microcleaved facet is not readily
coupled to a monolithic waveguide. In addition, unless the laser is located
on the edge of the circuit, the facet emission is difficult to access. Surfaceemitting lasers, however, can be located anywhere on an OEIC chip with
any orientation, and the light can be easily accessed for external use. Another
important feature of all the surface-emitters is that the light is emitted
normal (or near-normal) to the surface of the wafer for use in a variety of
applications. Of further note, light produced by some types of surfaceemitters can, in addition, be simply guided around the wafer and used to
optically interconnect coplanar lasers and other optical devices such as
switches, modulators and detectors.
Surface-emitting technology also makes the fabrication of monolithic,
two-dimensional arrays of semiconductor lasers possible. Phase-locked
arrays are obtained by optically interconnecting the lasers on the chip using
either on-chip or external means of optical coupling. Such two-dimensional
arrays offer the promise of very high powers with narrow beam divergences.
Historically, surface emission dates back almost to the beginning of
semiconductor lasers when Melngailis (1965) of MIT's Lincoln Laboratory
reported on what has since become known as a vertical cavity structure.
The concept (Kogelnick and Shank, 1972) and demonstration (Kogelnick
and Shank, 1971) of distributed feedback lasers led to grating-surfaceemission in semiconductor lasers largely because of the difficulty of fabricating first-order feedback gratings which required periods of about 0.1 fLm
at wavelengths around 0.85 fLm. Second-, third-, and fourth-order distributed
feedback or distributed Bragg reflection gratings were much easier to fabricate but also coupled light out of the surface in lower orders. As a result,
initial demonstrations of grating-surface-emission were reported simultaneously by groups from Xerox, (Burnham et al., 1975), the A. F. Ioffe
Physico-Technical Institute, (Alferov et al., 1975) and IBM (Zory and
Comerford, 1975). A few years later, results were published from Bell
Northern, (Springthorpe, 1977) on surface-emitting lasers using 45-degree
corner turning mirrors which were etched into the structure. These early
demonstrations of surface emission remained relatively dormant until the
1980s, primarily because of fabrication difficulties and more pressing issues
related to the performance of conventional semiconductor lasers.
The three basic types of surface-emitting lasers are briefly described in
the following sections.
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Vertical Cavity Surface-emitting Laser

At present there are three basic configurations of surface-emitting lasers.
One is the vertical cavity structure, the subject of Chapter 3, in which the
feedback mirrors are parallel to the top and bottom surfaces of the semiconductor wafer as shown in Fig. 1(b). The active region can be as thick as
several microns, or can be as small as a few tens of angstroms.
The vertical cavity surface-emitting laser (VCSEL) has been extensively
and continually developed since 1977 at the Tokyo Institute of Technology.
In the last four or five years, many additional researchers from around the
world have contributed to the development of vertical cavity lasers. Threshold currents of < 1 rnA have been reported along with packing densities of
about one million lasers/ cm 2 • Because of their vertical emission, small area,
and low threshold, these devices are ideal for optical interconnects with
low power consumption. VCSELs have also been considered for generating
high power, and two-dimensional arrays have been demonstrated (Orenstein
et al., 1991).
B.

Grating-outcoupled Surface-emitting Laser

An illustration of a grating-outcoupled surface-emitting (GSE) laser, the
subject of Chapter 4, is shown in Fig. 1(c). In these devices, the grating
provides in-plane reflection for feedback for laser oscillation and also
provides the outcoupling. In coherent arrays of GSE lasers, the grating also
allows enough transmission to additional elements to provide optical coupling. The analysis of such gratings is quite complicated, and is discussed
in Chapter 6 using coupled mode theory.
In recent years, many research groups have pursued the development of
several versions of GSE lasers. Because of a common, uninterrupted
waveguide in all sections of a GSE laser wafer, monolithic integration into
a coherent 2D array or with other planar optoelectronic devices is straightforward. In addition, a large fraction(> 50%) of the two-dimensional surface
can be optically emitting. Continuous-wave powers of more than 3 W and
peak powers of over 30 W have been reported for GSE arrays. Steering of
the surface-emitted beam has been demonstrated by electronic phase adjustment and by wavelength tuning.
C.

Integrated Beam Deflector Surface-emitting Lasers

The final type of surface-emitting laser, the topic of Chapter 5, is known
as an integrated beam deflector laser or folded cavity laser, and one version
of this device is shown in Fig. 1(d). In a common version of this device,
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one or both perpendicular cleaved facets are replaced by an etched perpendicular facet and an etched integrated beam-deflecting mirror. This technology for surface emitters has been developed extensively during the last
five years. The use of the mass-transport process, unique to the InGaAsP
system, resulted in the first high quality beam-deflecting mirrors and provided device performance equivalent to cleaved edge-emitting lasers (Liau
and Walpole, 1985). Although the major thrust in this area has been to
fabricate incoherent arrays, a coherent two-dimensional array of etched
facet lasers was demonstrated using an external dye laser for the master
oscillator (Jansen et al., 1989).

III. HIGH POWER
Coherent, two-dimensional arrays of semiconductor lasers offer the promise
of very high power levels with a large area aperture producing a narrow
beam divergence with unity aspect ratio. As in one-dimensional edgeemitting arrays, maintaining coherence laterally over a large area is a major
challenge in two-dimensional arrays. Coherence, the subject of Chapter 9,
is of utmost importance for applications that require power delivered to a
point, such as a satellite receiver. For an array with N elements each
producing the same output power P, the on-axis power in the far field is
- NP for an incoherent array, but - N 2 P for a coherent array. A detailed
discussion of the relationship between coherence and "diffraction-limited
far fields" from semiconductor lasers is also found in Chapter 9.
Although coherent two-dimensional arrays have been demonstrated to
some extent in all three types of surface-emitting arrays, there are many
obstacles to maintaining coherent, single frequency operation at very high
powers. As the 2D array increases in size, the number of modes increase,
and mode discrimination becomes a problem. Because the laser mirrors are
no longer formed by near-ideal crystal facets, the quality of the mirrors for
all types of surface emitters is critical, requiring careful and sophisticated
fabrication techniques to obtain good performance and beam quality. Not
only must the compositions and thicknesses of each layer be chosen for
high performance, but excellent uniformity and optical flatness need to be
maintained over large areas. A network analysis of coherent twodimensional arrays, along with their limitations and potentials, is the subject
of Chapter 7. A coupled mode approach to the same problem is reviewed
in Chapter 6.
While an all-monolithic approach to coherent two-dimensional arrays is
aesthetically pleasing, external methods of providing or ensuring coherent
operation offer a practical alternative and are discussed in Chapter 8.

7
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Another important approach to the realization of high power and high
coherence surface-emitting diode lasers has been demonstrated by the use
of grating-outcoupled surface-emitting power amplifiers (PA) monolithically integrated with a DBR or DFB master oscillator (MO). This approach,
discussed in Chapter 4, has the feature that additional oscillator modes are
not introduced with increasing amplifier size. In master oscillator power
amplifier (MOPA) devices the output gratings are designed to operate at
wavelengths which are not at the Bragg reflection resonance. The emitted
beams therefore emerge at an angle to the normal which is chosen to reduce
amplifier reflection sufficiently to avoid oscillation of the overall device.

IV.

APPLICATIONS

Two-dimensional surface-emitting arrays are expected to find applications
in areas where conventional but less efficient high power gas and solid-state
lasers are used. Additionally, they are expected to open up new applications
which can exploit their unique properties, such as having an outcoupling
grating serve as a focusing lens. The power, efficiency and beam properties
of individual surface emitters and arrays of surface emitters make them
ideally suited for many conventional applications of lasers in data storage,
medicine, laser printing, light-activated (remote) switching, solid-state laser
pumping, illuminators, rangefinders, proximity fuses, and space and fiber
optic communications. The planar nature of surface emitters will allow
applications in optical processing, optical computing, neural networks, and
in optoelectronic integrated circuit applications where optical interconnects
provide a solution to the problem of communicating between integrated
circuit (IC) chips. Some applications of surface-emitters, such as optical
interconnects, may benefit from a beam-steering capability allowing a full
architectural configuration freedom in real time (Hammer and Hendricks,
1989).
V.

THE FUTURE

In recent years, the efficiencies and output powers of surface-emitting lasers
has increased and the threshold current densities decreased, so that the best
reported performance of all three types of surface-emitting lasers is rapidly
approaching or has equalled that of conventional edge-emitting lasers. The
development of high performance thermal packages, the subject of Chapter
10, for high power surface-emitting lasers is underway at several research
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laboratories. Such heat removal capabilities are necessary since, in even the
best devices, only about half of the input power is converted to optical power.
In the coming years, we hope we will see coherent 2D surface-emitting
laser configurations with circular, submilliradian beam divergences with
50% power conversion efficiency, diffraction-limited beam quality, and with
output powers of tens of watts. We also expect to see surface-emitting lasers
and arrays with individually addressed elements as part of integrated circuits
in computers and neural networks.
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Chapter 2
REVIEW OF EDGE-EMITIING
COHERENT LASER ARRAYS
Stephen R. Chinn*
Electronics Laboratory, General Electric Company, Syracuse, New York

I.

INTRODUCTION

Achieving high optical power and brightness have been two of the major
goals in the development of semiconductor lasers. A natural means of
increasing the power has been to combine many individual lasers into arrays.
Before the recent growth in the research of surface-emitting semiconductor
laser arrays, described elsewhere in this volume, their edge-emitting precursors provided the basis for a technological foundation and a beginning of
theoretical understanding. The primary distinguishing feature of the edgeemitting geometry is the generation and emission of the lasing radiation
parallel to the plane of the semiconductor laser's active layer. Some types
of surface emitters also generate the stimulated emission in this plane, but
emit the radiation in a direction normal to it. The large amount of effort
still being devoted to the development of edge-emitting arrays attests to the
continued belief in their usefulness for many applications.
This chapter will be devoted to edge-emitting arrays designed for high
brightness. In order to achieve this, both high output power and small beam
divergence are necessary. The epitaxial layer structure of an edge-emitter
determines its optical power density in the plane normal to growth. Many
sophisticated forms of epitaxial structures have been developed, including
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those incorporatin g quantum wells. Constraining laser operation to singlemode, diffraction-limited output in this vertical dimension is relatively easy.
Because the epitaxial refractive index variations that cause perpendicul ar
wave guiding are large, the mode behavior is not strongly affected by thermal
or carrier effects. Typical dimensions for the mode distribution in the vertical
dimension are on the order of a few tenths of microns, which cannot be
easily increased without allowing higher-order modes. Even though the
vertical beam divergence of typical edge-emitters is large due to the small
emitting height, the mode is diffraction-limited and the beam can be readily
collimated or focused. A given epitaxial structure will have a lateral power
density capability determined by its vertical mode profile and by material
damage limits to the semiconductor facet or dielectric coating. In order to
keep increasing the total output power, the device must be made wider.
As the emitter width is increased, care must be taken that lateral amplified
spontaneous emission does not degrade performance, and that the increasing
amount of heat is adequately removed. However, well before these factors
play a limiting role, the major problem to be faced in achieving high
brightness is to maintain high spatial mode quality over the ever widening
emitting aperture. Even if the total output power increases, if the ability to
collimate or focus the beam does not improve, the laser may not be useful
for many applications.
In the direction along the plane of the active layer, the beam profile can
be altered by lateral patterning, growth, or processing variations in this
dimension. With larger lateral apertures, the problem of restricting laser
operation to a single-mode becomes more difficult. For example, if we wish
to construct a single-mode lateral waveguide by means of an effective index
variation, the higher mode cut-off condition requires that

wJni-n~= Wv'2n 1 an:=;Aj2,

(1)

where W is the guide width, n1 and n2 are the guide and cladding effective
indices of refraction, and A is the free-space wavelength. For lateral widths
beyond a few microns, the limitation on an becomes impractically small.
Moreover, spatial gain saturation above threshold, as well as thermal and
carrier-induced anti-guiding effects and material nonuniformity, make controlled single-mode, diffraction-limited operation from wide-stripe emitters
difficult.
A general philosophy for circumventing this problem has been developed,
and serves as the basis for this chapter. The method is to force fundamenta l
mode operation in narrow lateral waveguides and combine many of these
waveguides in a wider lateral array. In this manner, the mode-control issue
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is not eliminated, but transformed into a problem of constraining operation
of the multiple emitters in a desired combination of field amplitudes and
phases.
In order to achieve this kind of control and obtain high brightness, it is
essential that the fields of all the different emitting regions be coherent. A
simple example will illustrate this point, and emphasize the difference
between arrays that are coherent and those that are not. (In this context,
the term "phase-locked" is often used interchangeably with "coherent.")
Suppose we have N narrow emitting regions, each of which has a lateral
distribution of electric near-field given by E(x- nD), where Dis the emitter
separation, and n is an integer label for the nth stripe. In the Frauenhofer
approximation, the far-field of each element can be found by Fourier
transforming the near-field (neglecting an obliquity factor approximately
cos 8). The far-field of each element is denoted by
Fn = F(k) dknv,

(2)

27T .
k=-sm

A

e'

and 8 is the far-field angle. The total far-field intensity is
(3)

If the individual fields have random phases, then
(4)
II

However, if the individual fields are coherent, or phase-locked, with equal
phases,
(5)

where g = kD /2. This is the well-known diffraction grating result (Born and
Wolf, 1970), and shows that the so-called "in-phase" or "0°" mode has its
forward ( g = 0) far-field intensity enhanced by a factor of N over the
incoherent result, with a narrower angular full-width, half-maximum
2.78A

Brwhm=--.

1rND

(6)

Equation (5) also indicates that significant diffraction peaks at other than
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zero angle may occur if the far-field intensity envelope of the individual
emitter is broad, or if the emitters are widely separated. By forcing the
individual emitters to be coherent, narrow diffraction angles characteristic
of the entire array width can be achieved. However, it is also important to
ensure that the proper phase relation exists among the emitters to obtain
single-lobe, forward emission.
The most important result to remember is that coherent, in-phase emission
can provide brightness comparable to that of a similar-sized broad-area
emitter operating in its lowest mode. If the multiple emitters do not maintain
coherence, we are merely multiplying the broad intensity distribution of a
single narrow element.
In the remainder of this chapter, we will discuss in more detail the means
that have been used to obtain diffraction-limited output from edge-emitting
coherent arrays. These methods will be grouped according to the similarity
of their physical mechanisms into the categories of evanescent, radiative
(leaky-mode), diffraction, and intersecting waveguide (Y-branch) coupling.
We will concentrate only on edge-emitting arrays that are internally controlled. Other means of mode control, such as use of external optics or
resonaters, or injection locking are described elsewhere in this volume, and
will be mentioned in this chapter only in elaborating on some fundamental
aspects of array operation. Edge-emitting arrays also have great practical
importance in applications requiring high power, but not diffraction-limi ted
brightness, such as exciting solid-state lasers. Such incoherent lasers are
similar in many respects to their coherent counterparts, but will not be
discussed. Earlier useful reviews of phase-locked diode laser arrays are in
shorter articles by Streifer et al. (1984) and Botez and Ackley (1986).

II.

PARALLEL (EVANESCEN T) COUPLING

In this section we will describe coherent operation of multi-stripe laser
arrays that have colinear, parallel waveguides along the resonator axis, as
illustrated in the top view of Fig. l(a). The interactions among the lasers
are caused by the lateral optical fields from the other devices in the array.
These fields may be evanescent fields from the bound modes of index-guided
lasers, propagating fields from leaky modes, or a quasi-evanesce nt combination of the two, such as from gain-guided lasers. We shall begin by discussing
lasers whose fields interact from an evanescent (or quasi-evanesce nt) type
of overlap. The development of early phased arrays was dominated by
gain-guided devices of this type.
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Fig. 1. Schematic (not to scale) top views of some semiconducto r laser phased
array coupling configurations: (a) Uniform parallel evanescently (or leaky-wave)
coupled; (b) Diffraction coupled (Katz et al., 1983c); (c) Talbot-space d diffraction
coupled (Mawst et al., 1989a); (d) Offset-stripe (Welch et al., 1985b); (e) Y-branch
(Streifer et al., 1986b); (f) Distributed Y-branch (Chinn, 1988 ©IEEE); (g) Widewaveguide interferometr ic (Botez et al., 1987); (h) X-junction coupled (Botez et al.,
1988d).

A.

Experimental Background: Gain-guided Arrays

The first report of internal optical coupling of stripe-geometry diode lasers
was by Ripper and Paoli (1970). They showed that two parallel12 fJ.m-wide
gain-guided lasers separated by 12 f..l.m interacted with each other, so as to
cause locked oscillation (as measured by their coincident spectra) and some
degree of spatial interference. Coherent emission from two coupled sources
was demonstrate d eight years later by Scifres et al. (1978a) with a different
configuration. In this example, a single stripe-geometry laser branched
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through a curve arc into a second parallel laser, 25 f.Lm apart, having a
separate current contact. The far-field radiation pattern from the two parallel
separated sources showed multiple deep fringes, characteristic of coherent
emission. Since the parallel portions of the two-element array were so widely
separated, this example falls into the category of Y-branch coupling
described later. We mention it here, however, because it seems to be the
precursor of wider parallel arrays by the same workers, some of which have
a similar branching scheme.
The first example of what might be called the "modern" phase-locked
array was described by Scifres et al. (1978b ). This was a five-element parallel
array of lasers, 3.5 f.Lm wide, on 8 f.Lm centers. The lasers themselves were
conventional gain-guided double-heterostructures, with dielectric-masked,
Zn-diffused contacts, sharing a common wide metal contact, with schematic
cross section shown in Fig. 2(a). The far-field showed a dominant peak
-1·4° from the facet normal, with a smaller lobe at +4.3°. The lobe separation
was in excellent agreement with that predicted for diffraction from coherent
sources separated by 8 f.Lm (Born and Wolf, 1970),
(7)
(D =source separation), and the lobe width agreed with the diffraction
model for an effective aperture size of 21 f.Lm, half the full aperture of the
entire array. The far-field offset was attributed to a 'TT /2 relative phase shift
between elements of unknown origin.
This structure was later enlarged to ten elements (Scifres et al., 1979a,
1979b ), with the addition of curved branching elements connecting adjacent
stripes, as described previously. An output power of 0.9 W/facet was
achieved, with 65% differential quantum efficiency. The far-field had two
major lobes at -2° and +4°. A series of arrays was made (Scifres et al.,
1979b), all with 3 f.Lm stripe widths, but varying separations ranging from
10-27.4 f.Lm. The simplest and cleanest far-field patterns were found for
10 f.Lm separation. From spectral data, multilateral mode operation began
to appear at 1.3 times threshold.
A similar 11-element device with 3.5 f.Lm gain guided stripes and the
addition of proton implantation between contact stripes to suppress current
spreading (but no waveguide branching couplers) was found to emit 200m W
(cw) into one, asymmetric far-field lobe with a divergence of IS (Scifres
et al., 1982a). A cross section of this gain-guided structure is shown in Fig.
2(b). The heuristic explanation of the asymmetry simply stated that the
associated inter-emitter phase shift minimized the laser threshold, and that
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Fig. 2. Schematic (not to scale) cross-section views of some semiconductor laser stripe structures applied to phased arrays: (a) Gain-guided
dielectric/blocking defined stripe (Scifres et aL, 1978b); (b) Gain-guided proton isolated stripe (Scifres et aL, 1982a); (c) Index-guided
CSP-LOC (Botez and Connolly, 1983); (d) Index-guided ridge waveguide (Twu et aL, 1984); (e) Index-guided disorder-defined stripe
(Major et al., 1989); (f) Index-guided non-planar (Baillargeon et aL, 1988).
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8 element, 4.5 11-m width, 9 f-lm center; 2.5 ~m
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HR/AR
10 element, 6-9 J-lffi center, Schottky barrier
confinement, variablewheight ridges, LPE
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5 element, 5 f.J.ffi width, 8 f..tiD center, LPE, variable
contact width
6-7 element, 3 1-lffi width, 6 J.Lffi center, 2-step LPE,

4-18 element; 5-10 11-m width; 15 11-m center, LPE

Strip-buried heterostructure

CSP-LOC

Configuration

Structure

CW

p

CW

p

p

p
p

CW

P,CW

P,CW
P,CW

p

P/CW

/ 111 = 0.16 A, 100 mW, 20% DQE, incomplete
locking, multiple array modes, broad lobes
/th = 0.4 A, 1.6° fundamental lobe up to
1.81,h(70 mW)
l,h ~ 0.1, 0.15 A; 0.12, 0.15 W (3, 5); fundamental~
highworder at high power
l,h ~ 0.22-0.25A, 0.46-0.60 DQE, 300 mW, antiphase@ 6 J-Lm; Broad lobe (10°)@ 9 f.lm
(uncoupled)
/ 1h = 0.1 A, single anti-phase mode up to 50 mW;
three supermodes above 50 m W

l,h ~ 0.25-0.4 A, 0.15-0.25 DQE, 75 mW(cw) and
400 mW(P) phase locked; generally antiwphase
l,h ~ 0.2 A, 0.25 DQE/facet, 60 mW(cw) single
longitudinal mode; double-lobed far-field
/ 1h = 0.6-0.75 A, 250 mW, 2-3 times DL
/ 1h = 0.25-0.4 A, 110 mW, single-lobe, 2 times DL

1.6 W/facet @ 5 elements; partial spectral locking
observed
/ 1h = 50-100 rnA; partial locking @ 6 j.lm center
l,h~0.325 A(P), 0.35 A(CW); 250mW/facet (P);
multi-lobe, partial locki'ng

Results

A!GaAs/GaAs Index-Guided Phased Array Lasers

Table I

Matsumoto eta/ (1985)

Temkin eta/. (1985)

Kane no et a/. ( 1985)

Mukai eta/. (1984)

Suemune et al. (1984)

Twu el a/. (1984)
Twu eta/. (1985)

Ackley (I 983)

Botez and Connolly (1983)

Ohsawa eta/. (1983)
Scifres eta/. (1982d)

Tsang eta/. (1979)

Reference

8 element, 2 f..Lm width, 6 f..Lm center, LPE: 90%/10%

CSP (inner stripe)

Buried optical guide, impurity
induced disorder
Self-aligned structure, interface
layer AlAs (SAS-ILA)
Non-planar graded barrier
quantum well

Impurity-induced disordering

Impurity-induced disordering

Buried heterostructure

Buried ridge guide

CSP-LOC
Ridge guide

5 element, 5 & 10 f..Lill center, LPE

CSP (inner stripe)

9 element, 5 f..Lm center; LPE.
10-element, 4.5 IJ.Ill wide, 8 IJ.Ill center, GRIN-SCHSQIV active layer, MOCVD
10/11-e\ement WWI, 4 f..Lm center, GRIN-SCHDQW active layer, 2-step MOCVD
10 element; 1.5, 2 )J.Ill width, 3.5, 4 ).lm center;
MOCYD, two types blocking alloys
10 element; 2 ).lm width, 6 ).llll center; MOCVD; Siinduced disordering of MQW active layer forms
low-index cladding
10 element; 3 ).lm width, 4 )J.m center; MOCVD; Siinduced disordering of strained-layer InGaAs SQWseparate confinement active layer forms low-index
cladding
5-element, MQW active layer, liD MQW optical
guide layer, MOCYD or M BE
6 element, 5.5 f..Lill wide; 6 )J.ill center; 2-step
MOCVD; 4-well MQW active layer.
Broad-area, -18 clement; 3.6 f..Lill mesa, 3.2 )J.Ill
groove, 8 ).lill center; MOCVD

(HR/AR)

3 element, 2-3 f..Lill wide; 5 f..Lill center; LPE; flat and
tapered active layer versions; 90%/7% (HR/ AR)

CSP (inner stripe)

p

P,CW

P,CW

P,CW

p

p

p

P,CW

cw

CIV

P,CW

Proposed structure, strong fundamental supermode
selection
/th = 125 rnA (P), single out-of-phase mode to
90 mW; slight CW lobe broadening
Jth = 557 A/ cm 2 , double-lobed, 29% DQE

/th = 75 rnA; 0.52 DQE; weak index-guided
confinement allowed out-of-phase locking over
limited current range

/th =53 rnA; 0.62 DQE; strong index-guided
conllnement prevented phase-locking

/th -75 rnA, single-lobe to 100 mW (3.6° flat, so
tapered); 130 mW (CW), 420 m\V (P) maximum
power
/th = 0.1 A, T0 = 110 co, 100 mW, junction-down
Au-Si ~older to Si
/th = 0.25 A, diffraction-limited anti-phase mode
operation to 200 mW
Single-lobe to 80 mW (CW), 200 m\V (P).
1111 =0.1 A, 0.52 DQE, out-of-phase locked to 1.75
time:. / 1h( -50 mW)
/th = 325 rnA, 0.35 DQE, 100 mW /facet stable single
high-order mode
No phase-locking because of large confinement

e/

a/. I I 986d)

e/

a/. II989)

Zmudzinski eta/. ( 1989)

Sagawa and Kajimura (1989)

Zucker eta/. (1988)

Major

Thornton eta/. ( 1986)

Welch

Mawst eta/. ( 1988c)

Goldstein era/. (1987); Carlson et
a/. I I987)
Carlin e/ a/. (I 985)
Mawst e/ a/. I 1986)

Seiwa eta/. (1987)

Ohsawa e/ a/. (1985)
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the 50% fill-factor of the emitter width leads to a single lobe. With the
addition of 15% aluminum to the active layer, the 7700 A output of this
type of device was focused with an astigmatic lens system into a nearly
diffraction-limited spot (Scifres et al., 1982b). Beyond powers of 70 mW,
the power in the focused spot increased sub-linearly with drive current.
This was attributed (Scifres et al., 1983a) to the appearance of a second
array mode with different spectral, near-field, and far-field behavior. Paoli
et al. (1984) resolved multiple modes of a similar array both spectrally and
spatially. The two dominant side-lobes of a three-lobe symmetric pattern
were identified as grating lobes under the envelope of the gain-guided,
single-stripe far-field.
The next advance in this device technology came with the replacement
of the double heterostructure (DH) active layer with a multi-quantum-well
(MQW) active layer (Scifres et al., 1982c). The same types of asymmetric
double-lobed far-field patterns were observed as before but with higher
output power capability. Maximum single facet power levels ranged from
240 to 410 mW (cw) for a ten-element array (3 1-lm stripes on 10 1-lm centers).
When the array size was increased to 40 3.5 1-lm-wide stripes on 10 1-lm
centers, 1.5 W/facet (cw) was obtained (Scifres et al., 1983b). With the
addition of mirror coatings (HR/12%), 2.6W (cw) was emitted from the
front facet (Scifres et al., 1983c). In both latter cases, the arrays operated
primarily in the out-of-phase mode.
Other means of fabricating gain-guided arrays include use of Schottky
barriers (Vander Ziel et al., 1984a) and regrown MOCVD current-confining
barrier layers (Welch et al., 1986a). DeFreez et al. (1985) have also added
a cleaved-coupled-cavity in the longitudinal direction to a 10-stripe protonimplanted array, achieving up to 50 mW in a single longitudinal mode.

B.

Experimental Background: Index-guided Arrays

Index-guided arrays are characterized by lateral guiding mechanisms that
alter the real part of the index of refraction, instead of the imaginary part
(gain/loss). This can be done by means too varied to describe here in detail,
including fabrication of rib waveguides, varying layer thicknesses, and
post-growth epitaxial material alteration. Schematic cross-sections of some
typical index-guiding structures are shown in Figs. 2(c-f). A summary of
some results of index-guiding structures applied to phased arrays is given
in Tables I (AlGaAs/GaAs) and II (InGaAsP/InP). In general, the evanescent tails of index-guided modes are much smaller than those of gain-guided

Non-planar

Ridge guide

Buried ridge

Ridge guide

8 elements, 3 J.Lm wide, 5 J.Lm center;
LPE
4 element, 3 J.Lm width, non-uniform
spacing: 3.5-4.5 J.Lm; LPE
4 J.Lm wide, 8 J.Lm center guides on
corrugated GaAs substrate; InGaAs
strained quantum well active layer with
varying height, 590-1600 J.Lm total array
width.
p

P,CW

p

P,CW

I,h = 0.5-0.6 A, independent current

p

2 element, 7 J.Lm wide, 12 J.Lm center;
LPE
10 element, 3 f.Lm wide, 6 J.Lm center;
LPE

Ridge guide
control of phase locking
J,h=0.3-0.4A, 100mW (CW), 500mW
(P); broad single lobe indicates no
phase locking
I,h = 0.4 A, in-phase lobe width 2.7° (1.4
times DL) @ 1.25 I,h
I,h =0.3-0.35 A, 600 mW/facet (P);
phase-locked single-lobe width 6.2°
J,h = 290-600 A/ cm 2 • A= 1.03 J.Lm;
Double-lobe emission (1.SO width).

Results

P/CW

Configuration

Structure

InGaAsP/InP Index-Guided Phased Array Lasers

Table II

Baillargeon eta/. (1988)

Dutta eta/. (1986)

Kapon eta/. (1985, 1986)

Dutta eta/. (1985)

Kapon eta/. (1984g)

Reference
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modes. In order to obtain large enough evanescent fields and useful phaselocking interactions among such bound modes, very small differences m
the lateral effective indices are required.
C.

Coupled-Mode Models

During the early development of semiconductor laser phased arrays, most
of the analysis was based on simple diffraction theory from periodic sources
with specified phase relationships. It was not until 1984 that models of these
arrays were presented as total systems, amenable to a coupled-mode analysis
(Butler et al., 1984; Kapon et al., 1984a), yielding the so-called "super-mode"
solutions. It is somewhat ironic that most of the experimental impetus for
this analysis came from gain-guided arrays, which have proven to be the
least accurately described by this methodology. Nonetheless, because this
formalism has proven to be an extremely effective and historically important
tool for understanding many of the properties of coherent arrays, we shall
review its development and results.
Although many of the derivations do not appear the same, in essence
they all assume a solution that is a sum of individual wave-guide fields,
each of whose coefficients, Am(z), is allowed to vary slowly with z, the
propagation direction (Taylor and Yariv, 1974). When this form is substituted into Maxwell's equations for the entire array structure, and various
approximations are made (e.g., neglecting rP Am/ az 2 ), a set oflinear differential equations for the individual guide amplitudes results, in which each
amplitude is coupled to all other amplitudes. Each eigenmode coefficient
is assumed to have an exponential dependence Am(z) =am exp Uwt -yz),
and the eigenvalue 1' = 'Yo+ 8y does not differ appreciably from the unperturbed value, 'Yo· Although the general case can always be solved numerically, further analytic simplification results if all guides are assumed identical
and equally spaced, and only nearest-neighbor perturbations are considered.
It is interesting to note that a similar situation of N identical (but passive)
nearest-neighbor-coupled guides was analyzed by Somekh et al. in 1973,
but they sought only the solution in which one guide was externally excited
at z = 0. Otsuka (1977) had earlier used coupled-mode equations to examine
a special case of evanescently coupled lasers in which only one element
had reflective feedback. He later (Otsuka, 1983) presented similar coupledmode equations for reflection in all elements, but only examined the in-phase
and out-of-phase solutions. In a more recent version of the model, the
coupled-mode equations become (Wilcox et al., 1987a)
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where a= C 11 + 2y0 8yBu, {3 = C 12 + 2yo8yB 12 •
The coupling integrals Cnm are defined by

Cnm

=

k2

f

.:ln;,(x)En(x)Em(x) dx,
(9)

.:ln;,(x) = n 2 (x)- n;,(x-xm),

and the modal overlaps (with normalized modes) are
Bu =
B12=

f
f

E 1 (x)E1 (x) dx = 1,
(10)

E 1 (x)Ez(x) dx.

This is the same form of equation derived by Butler et al. (1984) and Kapon
et al. (1984a), except it includes the modal overlap factor, B 12 , neglected
by those authors. The eigenvalues of (8) are found when the matrix determinant vanishes. One very simple way of finding the eigenvalues is as
follows. Divide all the matrix terms by -a, and define p =-a/ {3, giving a
new matrix and determinant with diagonal terms equal top, and off-diagonal
terms equal to -1. The determinant of the N x N matrix, DN obeys the
recursion relation
(11)

DN(p) = pDN-1- DN-2,

which is satisfied by the orthogonal Chebyshev polynomial
SN(p)=sin(:.r+l)O=O,
sm 8

O=cos-t!!..
2

(12)

The roots of Eq. (12) are given by Om= m7r/(N + 1), so that

Pm

=

8y =
m

2 COS Om = -

C 11 + 2 ')'o8'Ym
C12 + 2yo8'YmB 12

,

(13)

Cu + 2C12 cos Om
2yo(l +2B12 COS Om)

-_...=c.__---=.:;;___=.._

( C 12 - B 12 C 11 ) cos Om
'Yo0 + 2B12 cos Om)

(14)
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When B 12 = 0, the results reduce to the original formulations (Butler et al.,
1984; Kapon et al., 1984a), except for the last, constant term in (14) because
of a slightly different definition of Cij. From the original definition of y,
the modal gain G is -2 Re 1'· Gm has a form similar to (14), but with gain
(imaginary index) overlap factors replacing the cij. It is evident from the
form of Om and (14) that the difference in mode gain between adjacent
modes decreases with the number of stripes. From another point of view,
once the near-field distribution has been found, using the sum of the
individual near-fields weighted by their amplitude coefficients, the modal
gain is the overlap integral of the normalized intensity and local gain/loss
distribution. The eigenmodes (waveguide amplitude coefficients) of (8) are
(15)
where n labels the nth waveguide, and m labels the mth eigenmode. A
picture of the peak-normalized supermode near-field amplitude coefficients
is shown at the left in Fig. 3.
In a series of papers, Hardy and Streifer (1985a,b; 1986a,b) have rederived
the coupled-mode equations for the general case of nonidentical guides
with multineighbor coupling. Although they too find a set of linear coupled
equations, the coefficient matrix is considerably more complicated, being
neither tridiagonal nor symmetric. Major differences from the simple model
can appear, particularly when the guides are closely coupled and nonidentical. This model has recently been applied to the case of twin-stripe,
index-guided lasers (Paiss and Hardy, 1989). However, it seems that for
the most common situations, the simpler version described above can give
an adequate, semiquantitative description of the eigenmodes.
As we saw in the introduction, the far-field of a periodic array of emitters
was the product of the individual emitter far-fields and a periodic grating
function. When the emitters do not all have the same amplitude, as the
previous diffraction model presumed, but have weights given by the supermode amplitudes, the form of the grating function changes. For the mth
supermode, the far-field grating function is (Butler et al., 1984)

G ( ) ={sin [N(u + Om)/2
sin[(u+Om)/2]
m u

( _ )m sin [N(u- Om)/2]} 2
1
'
sin[(u-Om)/2]

(16)

where u = k 0 D sin 4>, and 4> is the angle with respect to the facet normal.
Botez (1985) has simplified Eq. (16) to the form
Gm

+ Om)/2]} 2
( ) ={sin Om sin [(N + 1)(u
•
2
• 2 (
U
sm u/2)- sin ( Om/2)

(17)
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This differs from the diffraction model in having slightly larger major lobe
widths, and slightly lower side-lobe amplitudes. Considering only the central
lobes, the fundamental mode has a major lobe at cf> = 0°, and all other modes
have a dominant pair of lobes at cf> =±Om/k0 D (rad), the angle increasing
with mode order. The peak irradiance of the fundamental supermode is
0.81 (1 + 1/ N) times that for an array ofuniform-intensity emitters (Novoseller and Botez 1989). An illustration of some super-mode far-field grating
functions is shown at the right in Fig. 3. Similar far-field results were given
by Carlson et al. (1986). These results were applied by Butler et al. (1985)
to a channel-substrate-planar (CSP) array of index-guided lasers, with good
agreement with experimental data. The role of the gain overlap was found
to be critical in determining the closely spaced mode thresholds.
The mode gain of the super-modes depends on the overlap of their
near-field functions with the gain/loss distribution in the laser epitaxial
layers. As seen from Eq. (15) and Fig. 3, the amplitude coefficients of the
m = 1 and m = N modes are identical, except for sign. This means that the
major differences in the optical intensity overlap with the gain/loss profile
will arise from the additive or subtractive differences in the near field
functions between the guides. Since the m = N out-of-phase mode has
near-field nulls between the waveguides, if there is optical loss in those
regions, the modal gain will be higher than for the m = 0 mode, which has
non-zero intensity between the guides. Streifer et al. (1985a,b) have presented a set of design criteria based on uniform step-like distributions of index
and gain in the coupled-mode model. In order for the in-phase mode to
have the highest gain, they found that the active layer gain had to be larger
between the guides than in them, and illustrated a large-optical-cavity (LOC)
array designed to provide this. Under conditions that the emitters are in
phase, Botez (1988) has found analytic Gaussian approximations for the
single-element near-fields to obtain parametric relations for the array
parameters required to give 80% of the power in the main lobe.
D.

Separate-Contact Arrays

In an effort to understand the coupling mechanism between laser waveguides
the use of separate electrical contacts has been a valuable tool. Kapon et
al. (1983) fabricated an eight-element array of gain-guided lasers, 5 1-Lm
wide on 9 IJ.m centers, delineated by proton bombardment. By using twolevel metallization, separate contacts were made to each gain-guided stripe.
Selecting two nonadjacent lasers and varying the current(s) of the element(s)
between them, they demonstrated that the coupling and mutual coherence
could be controlled by the intermediate stripe(s) gain. In subsequent work,
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Katz et al. (1983a,b) operated three and four adjacent elements, and by
adjusting the individual laser currents, controlled the array mode, which
was monitored by the far-field pattern. Kapon et al. (1984b,c) measured
the spectrally resolved near-fields of such devices, and showed that for
certain ranges of inner stripe currents, the longitudinal mode spectra of the
lasers became locked.
The detailed nature of the near-fields measured by Kapon et al. (1984c)
indicated complicated behavior, not immediately apparent from the supermode amplitude coefficients. For example, secondary mode peaks between
the excited contacts appeared, and varied in position with current levels.
This can be explained from the non-planar nature of the individual gainguided laser wavefronts. Gain-guided modes have curved phase fronts,
whose slope varies with the gain/loss profile of the device. When two such
adjacent modes combine, the oppositely tilted phase fronts cause a complicated interference pattern to appear, with larger numbers of maxima and
minima than stripes (Kapon et al., 1984c,d). The tendency for the individual
stripe far-field envelope to have a "rabbit-ear" pattern was also calculated
to give a broader modulation envelope to the supermode grating function.
They measured different near-field patterns at different frequencies, but for
specific current combinations, single longitudinal mode operation could be
obtained, with an intensity pattern that depended on the current distribution.
The complex coupling coefficient of such gain-guided lasers was calculated
by Katz et al. (1984a).
Katz et al. (1984b) used a simple, steady-state rate-equation analysis for
carrier and photon densities above threshold in a multi-element structure.
They showed that in order to excite a pure supermode, the individual stripe
currents should be selected such that the corresponding photon densities
(found from a variational principle that maximizes the total photon density)
correspond to the supermode amplitudes. This implies that once a given
supermode reaches threshold and begins oscillating, to keep gain saturation
from allowing other modes to reach threshold, the currents should be
adjusted to compensate for the non-uniform saturation.
E.

Nonuniform Single-Contact Arrays

1.

Gain-guided

Multiple-contact arrays may be useful for diagnostic purposes, but the most
practical devices are likely to have only one electrical contact. Most of the
recent effort in monolithic array development has been devoted to finding
configurations that can provide greater mode discrimination than the prototypical uniform, evanescently coupled array. One approach to improving
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the mode discrimination to favor the lowest-order, in-phase mode has been
to reduce the array symmetry. Kapon et al. (1984e) have analyzed arrays
in which the lateral envelope of the effective index profile has either a linear
chirp or an inverted "V" profile, achieved by varying the waveguide widths
across the array. The supermode envelopes can be approximated by
waveguide solutions corresponding to the effective index envelope. For the
linear or "V" chirp, the calculated fundamental mode changed shape and/ or
location so that its mode gain exceeded that of all the other supermodes.
The price that is paid, however, for such discrimination is a narrowing of
the fundamental mode near-field distribution, with the resulting disadvantages of greater tendency for spatial gain saturation and lower optical
damage threshold. To test these ideas, a six-element, single-contact gainguided array was fabricated (Lindsey et al., 1984), having stripe widths
increasing across the array from 3 to 8 fLm (with constant 5 fLm separation).
At 1.6 x threshold, the predominantly fundamental-mode near- and far-fields
were in good agreement with the model, including the off-axis far-field tilt
resulting from the near-field phase-front curvature. By decreasing the depth
of the proton-implantation between stripes, closer resemblance to a variablegain broad-area laser was obtained (Lindsey et al., 1985). In subsequent
work, Lindsey et al. (1987) showed that similar results could be obtained
in broad-area lasers having quasi-continuous half-tone grading of the gain
across the stripe, thus blurring the distinction between gain-guided arrays
and broad-area lasers. This point will be discussed further in a later section.
The modes of such tailored-gain arrays or broad stripes are all tilted and
single-lobed, with different angles. Welch et al. (1985a) have also fabricated
chirped-width gain-guided arrays, with the center longitudinal section of
stripes offset from the end sections to provide additional mode discrimination. They found single-lobed far-fields, 4° off-normal, with 0.8° (0.7°) beam
width at 420 (350) mW in pulsed (cw) operation, and subsequently (Welch
et al., 1985b) achieved 575 mW in a single-lobed far-field.
To remove the far-field tilt, an inverted "V" profile to the guide widths
was implemented (Kapon et al., 1984f). The center stripe width of the seven
element array was 7 fLm, decreasing to 4 fLm at the edges, with 2 fLm separations. The beam full width (half power) increased from 3° at 1.1 x threshold
to 4° at 1.5 x threshold. Although not diffraction limited, the far-field was
predominantly single-lobed at oo emission angle.
A longitudinal non-uniformity in the form of internal stripe offset (as
well as laterally chirped stripe width) was used by Welch et al. (1985b) to
equalize the highest and lowest-order supermode gains. They achieved
575 mW in a single-lobed far-field.
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Index-guided

Ackley (1984); Ackley et al. (1986) attempted to achieve mode discrimination using differences in stripe separation (as opposed to stripe width) in
an index-guided array, but found device operation distributed between
in-phase and out-of-phase modes, because of the small difference in mode
gains. An interesting special case occurs when the stripe separation is
uniform in the interior of the array, but varies at the outer stripes so as to
reduce the coupling coefficient by 1/ .J2. Analytic solutions to those coupledmode equations give results somewhat similar to the totally uniform coupling
case, but with the important difference that the m = 1 and m = N modal
coefficients have uniform amplitudes at the interior and are reduced by
1/.J2 at the edges (Streifer et al., 1986a). This difference from the previous
sinusoidal envelope could cause significant improvement in gain saturation
behavior. Unfortunately, the same problem of having similar in-phase and
out-of-phase intensity profiles (and therefore, similar modal gains) still occurs.
In another special case, the outer guide propagation coefficients are
designed to be {3 = {3 0 + K, where {3 0 is the interior guide propagation factor.
Then, all the fundamental mode amplitude factors are unity (Buus, 1987).
However, for mode m = (N /2) + 1, the absolute values of the amplitude
factors are the same as well, leading to small gain discrimination between
those modes and similar gain saturation behavior.
In a more general case, Kapon (1987a) calculated the super-modes of
index-guided arrays with up to nine elements having variable spacing
between them. When the variation of the coupling coefficients caused by
the variable spacing is small enough to be handled by perturbation analysis,
he found that the mode patterns between supermodes m and N + 1 - m
were almost identical, thereby giving them similar mode gains. When both
stripe and separation were varied (Kapon, 1987b), approximately 5% modal
gain difference was found between the m = 1 and closest-gain m = 2,8
supermodes in a nine-element array. The complexity of introducing both
a variable effective index and coupling coefficient precludes an analytic
coupled-mode solution, and requires numerical solution of the effectiveindex Maxwell's equations.
F.

Noncoupled Mode Analyses

1.

Linear Models

For all its usefulness in obtaining good physical insight in array mode
behavior with relatively little effort in calculation, the coupled-mode method
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has its limitations. When the array is composed of closely spaced or nonuniform guides, or when the complex effective index profile cannot be
treated as a perturbation, a more direct and accurate solution of Maxwell's
equations may be necessary. As the study of semiconductor laser phased
arrays has progressed, these models have become more inclusive and complicated. We shall briefly review their development here.
The simplest subgroup of these models has involved the linear solution
of Maxwell's equations below the lasing threshold, using the effective index
approximation with a specified index distribution. Prior to the application
of the coupled-mode formalism, Chinn and Spiers (1984) had solved such
equations using a simple Kronig-Penney type of profile, for pure index or
gain-guiding in an infinite (periodic) array. The most significant results of
that work were (1) gain is required between the high-index stripes to favor
the in-phase mode, and (2) the gain-guided mode discrimination is a
sensitive function of the stripe separation, due to the complex nature of the
gain-guided near-field, which can also have secondary maxima between the
stripes.
A more inclusive model for finite size arrays was developed by Agrawal
(1985). Using the effective index approximation to remove the perpendicular
spatial dependence, smooth periodic functions were chosen to simulate the
effects of a built-in index profile, and diffusion-smoothed carrier profile.
The latter property affects the active layer complex index through the optical
gain and carrier anti-guiding term. Because of the complicated spatial
dependence of the resulting lateral effective index, the waveguide modes
were solved using a numerical beam-propagation method. For gain-guided
arrays (with no built-in index variation), the carrier anti-guiding effect was
found to cause a three-lobed far-field pattern. Agrawal's interpretation
relates to the waveguiding competition between the gain under the stripes,
and the higher index between the stripes. From another point of view, such
a pattern could be regarded as the fundamental mode, with grating envelope
greatly altered by the individual stripes' curved phase fronts. Near-field
intensity maxima were also predicted to occur between the stripes. For
index-guided arrays with uniform gain distributions, modes with predominantly single-lobed far-fields are favored. If the gain is periodic,
however, as in a gain-guided array with weak index-guiding, then the
out-of-phase double-lobed mode has the lowest threshold.
A very significant point about the number of allowed array supermodes
was pointed out by Fujii et al. (1985). Treating the case of an index-guided
array with uniform pumping, they solved Maxwell's equation using a
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transverse propagation matrix technique. In their examples of five and seven
stripes, they found additional out-of-phase bound modal solutions with
nulls in the high-index regions. These so-called 180°-1 modes actually
correspond to bound modes of the entire broad array, modified by the
lateral index and gain functions of the individual stripes. This represents a
fundamental, qualitative distinction between a full modal analysis and the
coupled-mode approximation, which is constrained to give only N modes
for an N -stripe array. Similar results for the number of bound modal
solutions exceeding N were found by Marshall and Katz (1986), Buus
(1986), Hadley (1986), and Hadley et al. (1986a; 1987a,b).
Along with improvements in the electromagnetic field analyses, the selfconsistent inclusion of current and carrier spreading has been incorporated
in many of the linear array modes. This is an important issue because of
the carriers' effect on both the real and imaginary part of the active-layer
index of refraction. An early example for a two-stripe array was that of
Kumar et al. (1985), who used Joyce's (1980; 1982a,b) sheet-current formalism to find the lateral carrier distribution in the active layer. A conformal
mapping technique for the lateral current distribution in multiple stripe
arrays was developed by Amman and Kappeler (1986). Using numerical
methods, Papannareddy et al. (1987) found the current-spreading and carrier
diffusion in arrays with multiple stripe zinc-diffused contacts. None of these
latter three references solved for the corresponding modal solutions.
Twu et al. (1986) also included carrier diffusion in their model, but found
only five modal solutions for five-element arrays. These results were extended by Kumar (1987), who used a two-dimensional finite-difference solution
of Laplace's equation to solve the current-spreading problem (rather than
a semi-analytic one-dimensional sheet spreading model). Both these works
showed that for typical examples, with small built-in index variation, the
lateral gain profile was broad, with a small, periodic modulation. Hadley
et a!. (1987b) included carrier diffusion and pointed out the importance of
modeling junction heating as well, which can reverse the effects of carrierinduced anti-guiding on the real part of the refractive index.
Examination of only the near-field patterns of an array may lead to some
ambiguity in interpreting results, since both the coupled-mode analysis for
arrays with single-stripe phase curvature and the high-order(> N) "exact"
analysis predict more intensity peaks than the number of elements. Verdiell
et a!. (1989a,b) have studied 10-element gain-guided arrays and concluded
from the near- and far-field and spectral data that all of the modes were of
the "excess" type, with the number of near-field intensity peaks ranging
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from 10 to 17. Their data agreed with a model of the gain-guided array as
a broad-area device, perturbed by the periodic gain distribution of the stripe
contacts and a quasi-Gaussian lateral temperature profile.

2.

External Mode Selection

Support for this picture of gain-guided arrays comes from two other types
of experiments involving external cavities and injection locking. Although
both of these techniques are outside the scope of this review and are treated
elsewhere in this volume in more detail, we will briefly discuss their application to the understanding of array behavior. A series of papers by Epler et
al. (1984; 1985a,b) describes their use of a diffraction-grating external cavity
to spectrally force various spatial modes of the array to oscillate. Although
their initial interpretation of the data claimed qualitative agreement with
the coupled-mode model (Epler et al., 1984), the most recent work (Epler
et al., 1985b) presented more detailed evidence in favor of the broad-area
interpretation. This was primarily based on the uniformity of the near-field
emission under nonlasing conditions (without feedback), the large number
of near-field intensity peaks, and an analysis of the wavelength shift versus
far-field lobe separation. A uniform broad-area laser would obey the relation
1

n2

n2

A;

Ai_

A

-+-=-2

(18)
'

where Ax= 27T / f3x is the transverse wavelength, AL is the free-space
wavelength of the longitudinal Fabry-Perot cavity mode having the lowest
order (fundamental) lateral mode, n is the modal index of refraction, and
A is the grating-tuned lasing wavelength. This relation gives

Ai

aA=A - A = - L

2~A;·

(19)

The resulting far-field lobe separation is MJ = 1/ A;, which is in excellent
agreement with the data and confirms the broad-area interpretation. A more
detailed numerical analysis of the lobe angles (Hadley et al., 1986b) also
substantiates this interpretation. Andrews et al. (1985) performed similar
measurements using an external cavity with a mirror to perform mode
selection, followed by spectral resolution. However, the mirror tilts made
interpretation of the results more difficult.
An alternative to selecting the array mode by external cavity feedback is
the use of injection locking. Using a diode-laser master oscillator and a
10-element gain-guided slave array. Goldberg et al. (1985) were the first to
observe narrow, single-lobe off-axis emission from the injection-locked
array. Hohimer et al. (1985, 1986) then found similar results by injecting a
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low-power dye laser signal, and observed that the narrow, off-axis lobe
angle tuned with frequency, and that its angular width at first decreased
with emission angle and then remained constant. A numerical simulation
of these results was obtained by Hadley et al. (1986b ), with a simple physical
model based on broad-area laser behavior. As an end stripe is injected near
its isolated resonant frequency, the array emits into a relatively broad,
small-angl e lobe. When the master oscillator frequency is increased, the
Fabry-Per ot resonance condition forces the slave oscillation to become
more off-axis, coupling to more elements, and increasing its angle. The
single lobe results from the asymmetri c injection condition, as compared
to the double-lob ed patterns obtained with symmetric grating feedback
(Epler et al., 1985a,b ). When all the elements are coupled, the beam width
no longer decreases, but its angle still increases with detuning. This argument, when applied to a given longitudin al resonance, gives (Hadley et al.,
1986b)
nz
d8=--d A.

Ae

(20)

Note that the increment al change in 8 2 is proportion al to the increment al
change in A, as found in the external grating studies by Epler et al. (1985).
Hohimer et al. (1989a,b) succeeded in monolithic ally integrating a singlestripe laser diode master oscillator with a 10-stripe gain-guide d GRINSCH-SQW array. The master oscillator was located to the side of the slave
array, and its axis was tilted 1.4°. They obtained up to 125 mW in a
single-lobe d, near-diffra ction-limit ed beam, with angular steering over a
0.5° range. A significant point is that optical coupling and feedback effects
between master and slave presented no problems, even without the use of
optical isolation.
All of this evidence reinforces the argument that gain-guide d arrays are
most easily described in a quasi-anal ytic manner in terms of their broad-area
equivalent s, with the addition of an appropriat e perturbati on from the
separate nature of the array contacts. If an accurate numerical model for
the array is used, similar results should be obtained, but coupled-m ode
models are probably inadequate .
3.

Nonlinear (Saturated ) Models

The models previously described have been concerned primarily with
analyzing unsaturate d modal fields and gains of various array structures.
Although they were developed to understan d various aspects of measured
array behavior, they were capable of finding only the sub-thresh old array
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properties because the effects of stimulated emission were not included.
Even if a linear analysis showed that the fundamental mode of an array
were the first to reach threshold, its subsequent saturation of the gain would
alter the array's properties, affect all the array modes, and possibly allow
higher-order modes to lase. We will now briefly review progress in modeling
array behavior above threshold, in the presence of gain saturation.
As mentioned earlier, Katz et al. (1984b) performed a steady-state incoherent rate equation analysis to determine a self-consistent supermode condition for local excitation currents and photon densities. Other early analysis
was done by Shore (1984) for a two-channel CSP laser, with contact stripes
above and between the channel waveguides. The optical power affected the
mode behavior through its effects in the diffusion equation for the carrier
concentration

d2n
J(x)
D -2 = - - d + Bn 2 + g(x)P(x),
dx

e

(21)

where D is the diffusion coefficient; n, the excess carrier density; J, the
injected current density; e, the electron charge; d, the active layer thickness;
B, the bimolecular recombination coefficient; g, the gain; and P, the lasing
field intensity. The carrier density determines the gain and also alters the
real part of the active layer refractive index. Equation (21) is an example
of the optical saturating mechanism found in many of the other models.
The stimulated recombination term, g(x)P(x), is the key to the non-linear
interaction among the optical field, carrier density, and complex index of
refraction. Even with a symmetric structure, Shore (1984) found that the
carrier concentration and laser mode were asymmetric above threshold,
with the latter gradually becoming symmetrically placed between the channels at higher power levels.
Katz and Marshall (1985) examined the general case of an N-element
array, using the coupled-mode method with an iterative, self-consistent
treatment of the modification of the waveguide parameters by the optical
fields. For the baseline example of a three-element array, they found that
the power dependence of the ratio of center-to-edge near-field intensities
was a very sensitive function of stripe number, anti-guiding factor, and
complex coupling angle. A larger, 10-element example was analyzed by
Chen and Wang (1985a), also using the coupled-mode method, iterated
with the saturating effects of the photon density in each stripe (diffusion
and current-spreading were not included). In their example, even though
the fundamental, in-phase supermode reached threshold first, at a current
only 1% above threshold, three additional modes were also excited.
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Also in an iterative fashion, but using an "exact" field analysis (i.e., no
coupled-mode approximation), Whiteaway et al. (1985) showed that even
in chirped, real-index-guided arrays, the combination of carrier-induced
index perturbation and spatial hole-burning leads to limitations in obtaining
high-power fundamental supermode operation above threshold. However,
at least one of their design alternatives (Whiteaway, 1986) gave improved
fundamental mode selectivity by narrowing the individual waveguide width,
so the array could no longer support a mode corresponding to the out-ofphase supermode. This is another aspect of the broad-stripe nature of array
behavior. Conversely, a design that favored the out-of-phase supermode
was studied for a 10-element index-guided array, with uniform current
injection into the central six elements (Thompson and Whiteaway, 1987).
A single-mode operating range up to 625 mW/facet was found.
In an extension of their linear analysis, using finite difference carrier and
modal calculations, Twu et al. (1987) also found a limited range of single
fundamental supermode operation. Comparing different types of fiveelement arrays, they found the largest range of fundamental mode operation
to occur with a broad-contact, index-guided array. This example had a
single-mode range 14% above threshold, with 20 mW output power. Worse
performance was found for similar stripe-contact index-guided and gainguided arrays.
A somewhat simpler, but more approximate, numerical method has
yielded similar results, and indicates the importance of factors affecting
spatial hole-burning (Chinn, 1986). Using the effective index approximation
for a ridge-guide structure, the array was subdivided into lateral uniform
regions corresponding to the waveguide and interguide cladding. In the
interguide regions, a different resistivity material was allowed to fill the
valleys between the etched mesas, thus allowing parametric variation of the
active layer gain uniformity using a broad-area contact. Joyce's (1980;
1982a,b) method was used to find the current-spreading and carrier diffusion,
and the "exact" modal solutions were found using a two-dimensional
transfer matrix technique for the multistripe structure. Above threshold,
averaged stimulated emission in each region was added to the carrier
recombination terms, and the solution iterated for consistency. This analysis
indicated that use of p-type substrates and n type layers under the contacts,
as suggested by Joyce, could enhance the lateral carrier transport in the
active layer, and reduce the effects of spatial hole-burning. The model
indicated nearly an order of magnitude improvement in the range of fundamental mode operation above threshold, using high-conductivity n-type
layers under the contacts. Results for an optimized, outer-width-apodized
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five-stripe array are shown in Fig. 4. Note the narrowing of the fundamental
mode at the high power level.
Similar use of stripe width variation to improve array operation was
described by Buus (1988). If the desired supermode intensity can be made
uniform by such apodization, then its spatial gain saturation should not
affect (or increase) the gains of the initially sub-threshold modes. Buus has
given perturbation analysis of such spatial hole-burning and some semiquantitative description of its effects. Another self-consistent modal analysis of
laser arrays, which uses a transverse resonance technique for finding the
modes, has been described by Carroll et al. (1987). A somewhat simpler
model for current-spreading was used, and no above-threshold results for
multistripe arrays were given. Hadley et al. (1988) have given a description
of their most recent comprehensive numeric model for diode arrays and
broad-area devices. It includes the effects of lateral built-in index variation,
current-spreading, carrier diffusion, stimulated emission, and thermal
gradients. Most of the results presented pertain to broad-area devices.
A rather different philosophy for studying nonlinear effects in arrays has
been followed by Chow (1986a,b). He uses the individual stripe fields in a
manner similar to that of the coupled-mode formalism, but the nonlinear
equations are derived from the coherent, density-matrix rate equations for
the slowly varying supermode field amplitude and phase. Imposing the
resonator end boundary conditions causes a constraint on the frequencies
of the final eigenmodes. Solutions are found from third-order perturbation
theory, and only the example of a two-element array is given. An interesting
difference between this and previous analyses is evident for the case of two
nonidentical guides. In certain regimes, for a given excitation, the array
may be either multimode, fundamental mode, or bistable, depending on
stripe separation and asymmetry. Hadley (1985) has also solved the twoelement asymmetric array using intensity-saturated gain coefficients, FabryPerot boundary conditions, and coupled-mode equations for forward and
backward propagating fields. Although this approach is different in concept
from Chow's the numerical result for an asymmetric gain profile also shows
a type of frequency locking for two different array modes below a critical
coupling strength.

4.

Passive Phase Compensation

In many cases described above, the anti-phase mode of an array has a lower
threshold and is more stable above threshold. If the array can operate stably
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in this single high-order mode, then subsequent adjustment of the individual
emitter phases (180° shifts on alternating emitters) can convert the doublelobed output into an on-axis, predominantly single-lobed beam. The same
idea can apply to any single, high-order mode, with appropriate tailoring
of the phase shifts. Ackley et al. (1983) proposed such phase adjustment,
either by integrated phase shifters within the laser cavity, or by patterned,
external thin-films on the laser output facet. The former case is more
complicated than they indicate, since the internal nature of the adjacentstripe phase shift requires an eigenmode analysis of the supermodes. The
latter case, using external, alternating A/2 coatings is straightforward,
though possibly difficult to implement. Heidel et al. (1986) demonstrated
the concept, although by use of a transferred, magnified near-field image
with an external phase plate. A near-field phase plate, mounted adjacent
to the diode facet was demonstrated by Thaniyavarn and Dougherty (1987).
They used 10 f.Lm silicon nitride strips on 20 f.Lm centers, deposited on a
microscope cover slide. Tapering of the dielectric thickness in a direction
along the strip axes allowed for variable phase compensation by translation
of the phase plate. Most of the double-lobed output of a 10-element,
gain-guided array was converted into a single-lobe, with residual sidelobes
being explained by multimode laser oscillation, nonideal phase plate separation from the laser, and reflective feedback from the phase plate. Similar
results were described by Taneya et al. (1987) for a three-element, indexguided array. They obtained 50-70% of the 200 m W output in the central
lobe, after phase-shifting the high-order near-field emission. Finally,
an integrated version of the phase-plate concept was implemented by
Matsumoto et al. (1987), who deposited patterned, variable-thickness Al 2 0 3
films directly on the laser facet. With a three-element array, they obtained
diffraction-limited output in a single lobe up to 1.2 x threshold (5 m W output
power). Above that point, higher-order modes of the array lowered the
beam quality.

III.

LEAKY-MODE COUPLING

Since single-stripe diffraction-limited laser operation benefits from having
a waveguide that supports a single bound mode, it is natural that much of
the early parallel-stripe array development was based on that concept. As
we have discussed earlier, the interaction between such stripes (in the weak
coupling limit) can be described in terms of the field overlap from the
evanescent tails of the bound modes. However, a different and stronger
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optical interaction between stripes can occur if the stripe modes are not
bound but leaky (Marcuse, 1974; Engelmann and Kerps, 1980). In a physical
description of this type of mode, rays propagating in the waveguide core
at a shallow angle are reflected at the cladding interface because of the
dielectric discontinuity. However, the cladding has a higher index of refraction than the core, so that the reflection is not total (as for bound modes),
and some of the incident core power refracts and radiates into the cladding.
The resonant nature of the "mode" is determined from the round-trip phase
condition for the reflected core rays. The self-consistent mode constraint
requires that t..¢ = 2m1T, which for the lowest mode in most practical leaky
guides gives an internal, lateral propagation coefficient h = 1T / d ( d = core
width), and an equivalent lateral wavelength
(22)

where n 0 is the local effective index of the anti-guide core, and neff is the
total mode effective index defined by f3 / k, k = 21T /A, A = free-space
wavelength.
One of the first applications of this concept to multiple stripe lasers was
by Ackley and Engelmann (1980). In a twin-stripe configuration, they
fabricated buried-heterostructure (BH) AlGaAs lasers with 2 !J-ill widths,
separated by 22 !J-ill. The burying layer (lateral waveguide cladding layer)
was chosen to have an alloy composition giving it an effective index 0.05
larger than that of the BH stripes. The resulting far-field had two widely
separated lobes, modulated by a more densely spaced lobe pattern. The
coarse separation was due to the angle of refraction of the leaky mode,
determined by the lateral effective index difference. The finer periodicity
was caused by coherence between the widely spaced stripes. The initial
concept was extended by Ackley and Engelmann (1981) to ten stripes (on
14 !J-ill centers), with improved performance. The overall threshold current
density was 900 A/ cm 2 with 30% differential quantum efficiency per facet.
The laser structure itself was simplified by Ackley (1982), who replaced the
BH lasers with channel-guide (CG) devices. These leaky-mode guides were
made by etching the p-AlGaAs cladding layers in the 2.5 ~J-ill-wide currentinjected stripe regions. The index of refraction was lowered in the stripe
region because of the larger density of free carriers there. This was verified
experimentally by measuring the dependence of far-field leaky-mode diffraction angle on drive current below threshold. Output powers (40 ns pulses)
from 1.8 to 2.7 W were obtained with 10-stripe devices.
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After a lapse of several years, this leaky-mode array configuration has
seen a renewal of interest. Botez and Peterson (1988) and Botez et al. (1988a)
have demonstrated a closely spaced 10-element array ofleaky guides. Major
differences from the previous work include the much denser spacing (3 1-l-m
leaky guides on 5 1-l-m centers) and a continuous active-layer laser structure.
The array was fabricated using a two-step epitaxial process, with the firststage metal organic chemical vapor deposition (MOCVD) growth forming
a two-layer AlGaAs epitaxy, that was etched into channels. The liquid phase
epitaxy regrowth provided the remaining waveguide and continuous planar
active layer, much as in channel substrate planar (CSP) or SML lasers. In
this structure, the unetched mesas formed the high-index cladding regions,
and the etched channels formed the low-index regions leaky guides, with
an effective index depression of about 0.05. With the dense guide spacing,
the amount of leaky, radiative loss relative to coupling decreases. As Botez
et al. (1988a) show, the total radiative loss coefficient decreases with number
of antiguides and shows larger mode discrimination between low order
modes than does a similar evanescently coupled array. However, the calculated radiation losses between the oo and 180° modes are comparable.
Depending on details of the structure, stable lasing was obtained in either
the 0° mode (up to 166 mW, 3% and 95% facet coating) or 180° mode (up
to 110 mW/uncoated facet). An analysis of the modes of this array has been
done by Botez and Peterson (1988). They calculate the near-field amplitudes,
and show that the large radiative loss from intermediate-or der modes comes
from their relatively large amplitudes in the outer leaky guides. Moreover,
the radiative loss difference between the in-phase and out-of-phase modes
is shown to be extremely sensitive to the separation between active layer
and etched-mesa top in the high-index regions. An implicit assumption in
the model is that the lateral effective index approximation can be used,
even though the modes are concentrated in different layers in the channel
and mesa regions.
Improvements in this device have incorporated MOCVD growth of the
entire structure, and inclusion of diffraction coupling for mode discrimination (Mawst et al., 1988a). In this work the structure resembles the previous
one but is grown in an inverted fashion. First, the planar laser epitaxy,
which includes a separate-confin ement, single-quantum -well active layer,
is grown. Mesas are etched in the top cladding layer, and MOCVD regrowth
completes the epitaxy. The mesa regions correspond to the previous channel
regions, and form the leaky guides. In addition, one end of the array lacks
any guides, and forms a broad area diffraction region that couples the leaky
modes by reflection from a cleaved facet, 50 1-l-m from the stripe terminations.
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This diffraction coupling favors the in-phase mode up to 100 mW/facet
output power.
In both of these structures, there is a potential for high-order waveguide
modes to interfere with proper operation. In one case, the low-index leaky
waveguide can support high-order lateral modes. These tend to be suppressed because of their higher radiation losses, but have been observed
(Botez, 1989). In the second case, the perpendicular waveguide in the
"high-index" regions can support two perpendicular guided modes (Chinn
and Spiers, 1982; Amann, 1986), one with a maximum in the active layer
(having a zero-crossing, and a low effective index) and the other with its
maximum in the low-aluminum guide layer (having no zero-crossing, and
a high effective index). This latter mode is assumed to play a role in the
simplest lateral effective index analysis of the anti-guided arrays. In
actuality, for greater accuracy the complete set of perpendicular modes
should be considered, or else a numerical two-dimensional analysis should
be performed. Modeling along these lines has been carried out by Hadley
(1989a).
In a manner similar to their use of diffraction coupling to add anti-phase
mode discrimination, Mawst et al. (1989a) have incorporated a Talbot
spatial filter within the laser cavity of a leaky-wave array. By interrupting
the guides in the cavity, separating them by half the Talbot distance (here,
65 J.Lm), and offsetting the two portions laterally by half the center-to-center
separation, large discrimination between the 0° and 180° modes was
achieved. Stable, diffraction-limited output was obtained to over 2 x
threshold, with output power of 70 mW. Approximately 75% of the power
was contained in the central diffraction-limited lobe.
The reason for the structure sensitivity of the modal loss has been
described by Botez et al. (1988b). For a given anti-guide, the guide width
approximately determines the lateral wavelength
A
AI = --:,r==::2==:2=,

(23)

vn 1 -neff

where subscript 1 refers to the regions cladding the leaky guides. The leaky
guide width approximately constrains A0 , and thereby determines neff• giving
(24)
The leaky fields from all the anti-guides are in resonance when a halfwavelength across the guide plus an integer number of cladding half-
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wavelengths equals the array center separation, A, or
A
A= d + m r==:==:::::::::=====::=

J ni- n~+ (A/2d)

(25)

2

In this resonance condition, the radiation loss is largest, but there is also
maximum interaction among all the antiguides. The envelope of in-phase
anti-guide intensities is approximately uniform, as opposed to the antiresonance case where it has a cosinusoidal envelope. Hadley (1989b) has
also analyzed the resonant behavior in an infinite array, in the effective
index approximation. He finds the ratio of the intensity peaks in the low
and high index regions to vary in a resonant manner (similar to that of Eq.
25) with variation in the width of the high-index region.
Further elaboration of this picture by Botez et al. (1989a) describes mode
discrimination near the lateral resonances in more detail. By very slight
detuning from the resonance condition, very large discrimination (on the
order of 10 cm- 1 ) between the fundamental and adjacent mode can be
achieved. Even more discrimination is achieved when there is inter-guide
loss. Diffraction-limited operation of such an array, including an inter-cavity
spatial Talbot filter to discriminate against the anti-phase mode, was
achieved up to 10 x threshold, with an output power of 450 m W (Mawst et
al., 1989b,c). Even without a Talbot filter, interelement loss alone provided
diffraction-limited, in-phase operation of a 10-element array up to 2.5 x
threshold, and 230 mW total power at 4 x threshold ( 1.6 x diffraction limit)
(Botez et al., 1989b ). Proper understanding of the inter-element mode loss
in this case comes only from a two-dimensional picture of the modes
(Hadley, 1989a).

IV.

DIFFRACTION COUPLING

After substantial development of evanescently coupled arrays, it was recognized that suppressing the anti-phase mode was one of the major problems
to be faced. Even without considering the problems of spatial gain saturation
above threshold, forcing the threshold gain of the in-phase mode to be less
than that of the anti-phase mode was not easy to achieve. Another approach
was first proposed and demonstrated by Katz et al. (1983c), who showed
that diffraction coupling between the ends of the array guides could be
used to favor different modes. This idea is related to the use of external
optic feedback, but the cases discussed in the following paragraphs all
involve diffraction and reflection within the epitaxial plane of the array chip.
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A schematic drawing of the structure is shown in Fig. l(b ). Light emerging
from the end of one of the laser waveguides diffracts, reflects from the
cleaved facet, and continues spreading until portions of it are intercepted
by the source guide and its neighbors. A major factor that affects mode
selection is the phase of the light that is fed back into the surrounding
waveguides with respect to the phase re-entering the original guide. If the
guide separation and diffraction distance are chosen properly, one can
achieve in-phase feedback, and thereby an in-phase lasing mode. If we
approximate the field emanating from the reference guide to be a Gaussian,
then it can be shown (Katz, 1983c; Wang et al., 1986) that the relative phase
difference between neighboring guides is
1rn d 2

ll¢ = -2- -AL-d _l_+_(_1T_W-::-~n-j_2_A_L_d)--=2 '

(26)

where
n = effective refractive index
A =free-space wavelength
Ld =diffraction distance
d =waveguide center separation
w0 = Gaussian beam waist parameter.

Simple ray optics yields the same result, without the Gaussian beam correction factor. For example, if we take ll¢ = 21T (giving in-phase feedback),
with n = 3.6, d = 6 f.Lm, and A = 0.85 f.Lm a diffraction distance Ld = 38 f.Lm
is required.
Katz eta/. (1983c) fabricated a ten-element array of AlGaAs lasers, 3 f.Lm
wide on 9 f.Lm centers, by partially etching through the top p-cladding layer.
The structure was designed for optical isolation between the waveguides,
to ensure that diffraction was the only coupling mechanism. Different
diffraction distances could be obtained by cleaving. With different values
of Ld (always less than 150 f.Lm), far-fields having either a dominant central
lobe or two main sidelobes were obtained, indicative of in-phase or antiphase operation. These modes were stable over the entire operating range,
up to 1.1 W (pulsed) output.
Similar results were reported by Chen eta/. (1983) for diffraction-coupled
arrays fabricated in a similar fashion from an InP/InGaAsP double heterostructure. In this instance, the laser waveguides were separated by only
2 f.Lm, so that direct evanescent coupling was also present. A central lobe
about 4°-5° wide was observed for in-phase modes, up to 40% above
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threshold. The maximum power measured was 210 mW (pulsed, driverlimited). More recently Yap et al. (1989) have used etched, offset-scalloped
reflectors to improve the diffraction coupling between InP/InGaAsP laser
elements. In addition, similarly fabricated on-axis reflector/lenses at the
opposite output end reduced the sidelobe structure, and increased the power
into the central lobe.
Diffraction-cou pled Schottky-barrie r-restricted ridge-waveguid e arrays,
made from an MOCVD-grown AlGasAs double heterostructure were reported by Yang and Jansen (1986). They found that diffraction regions of
20 J-Lm and 30 J-Lm were needed to couple array elements on 6 and 7.5 J-Lm
centers, respectively. For five-element 6 J-Lm-center arrays, they measured a
3.3° lobe width at 1.5 x threshold.
Using the original concept which yields Eq. (26), the idea of a reflectivity
matrix between all possible pairs of stripes was formulated by Wang et al.
(1986). Using the same Gaussian beam approximation, they found the
reflection coefficient (diffraction coupling) between stripes n and n ± v
R

-

R( 0)

n,n±v- ~l+iz/zo

e -ikz ex

(

ikp~

)

p - 2(z+izo) '

(27)

where
1TW~n

z ---

o- 2ALd'

k =27T/ A,
Pv

= vd,

R( 0) =mirror reflectivity at angle 0,

It is usually a good approximation to neglect the 0-dependence of R, and
to include only the adjacent stripe diffraction coupling, since the crossreflectivity amplitude decreases exponentially with stripe separation. In this
instance, the reflectivity matrix has a simple, symmetric tridiagonal form
that can be easily diagonalized using a method identical to that of the
nearest-neighbo r evanescently coupled-stripe problem. The eigenmodes are
identical to the coupled-stripe supermodes. This means that (in the nearestneighbor approximation) , diffraction coupling will not intermix coupledstripe supermodes. Even if there is negligible evanescent coupling, these
supermodes still provide a diagonal basis for diffraction coupling.
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The modal reflectivities are then (Wilcox et al., 1987b)
li'TT

Rv=R 0 +2R 1 cos--,
N+l

II=

1, ... N
(28)

(Note that in the corresponding result from Eq. (8) of Wang et al. (1986),
the sine argument should be divided by 2.)
Incorporating these modal reflectivities, Wilcox et al. ( 1987b) have carried
through a complete modal analysis of diffraction-coupled arrays which
includes lateral field coupling terms. Even though their parallel-coupling
eigenvalues differ slightly from the original simple formulations (Butler et
al. (1984); Kapon et al., 1984a), the supermode amplitudes are the same.
The threshold oscillation condition for the supermodes is expressed from
the usual condition for unity round-trip gain:
(29)
where Lg =length of coupled-stripe region and 'Yn =mode eigenvalue. In
Eq. (29) the gain in the diffraction region is approximated by the coupledregion modal gain. The real and imaginary parts of 'Yn correspond to
supermode gain ( Gn = -2 Re 'Yn) and wave number (f3n = Im 'Yn), respectively. Using Eq. (29) gives the threshold gain required for the different
supermodes. Wilcox et al. (1987b) have examined the dependence of mode
discrimination on stripe separation, keeping the diffraction length optimized
for in-phase operation. They find ranges of stripe separation that favor the
in-phase mode, when "d" exceeds a value that depends on beam waist,
guide length, and current-spreading. The theoretical analysis agreed with
experimental results on diffraction-coupled arrays using DH or largeoptical-cavity (LOC) lasers. Without diffraction coupling, the arrays consistently had double-lobed far-fields, but became single-lobed with diffraction coupling added. The greater increase in beam-width for the LOC arrays
was attributed to their greater beam waist and large evanescent mode
overlap, which favored high-order mode operation with increasing drive.
In subsequent work, Wilcox et al. (1987c) modified such arrays to provide
separate contacts and gain levels in the guide and diffraction regions. In
that case, Eq. (29) becomes
(30)

where the distinction is made between the modal gains in the stripe region
and the uniform gain in the diffraction region. When Gd increases, the
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required Gn,thr decreases. Since Gn,thr decreases more for the fundamental
mode than others, at high enough Gd, the fundamental mode is favored.
This model is in qualitative agreement with results obtained on MOCVD
oxide-restricted multiple-quantum-w ell laser arrays. Near threshold, the
far-field was wide and regular, characteristic of uncoupled emission. With
increasing gain in the diffraction region, the far-field narrowed, and a
dominant 0° lobe emerged. However, a wider base-pattern remained, which
was attributed partly to the relatively poor mode discrimination.
Lay et al. (1989) have modified the uniform diffraction section by varying
the diffraction length for each array element, in a uniform or parabolic
fashion, with the center element closest to the facet. This apodization alters
the Gaussian beam reflection/ diffraction matrix to provide more mode
discrimination between fundamental and first-order modes. Selection
against the anti-phase modes was provided by internal Y-branch or offset
stripe mode filters.
A somewhat different approach to the diffraction-coupling analysis was
used by Mehuys et al. (1988). Instead of using the Gaussian-beam approximation, they find the diffracted feedback with a reflection matrix that is
found from the overlap of the waveguide fields with the set of waveguide
modes of the wide diffraction region. Each waveguide field is decomposed
into a linear combination of the wide diffraction region modes (which have
different propagation coefficients) that travel through the diffraction region,
reflect from the laser facet, travel back, and are then re-expressed in terms
of a sum of narrow waveguide fields. This reflection matrix is similar in
spirit to that found from the Gaussian-beam method. However, in this case
the waveguide fields in both the narrow and wide regions are approximated
by sinusoids. The supermodes of the array are the eigenmodes of the
reflection matrix, which are found numerically. When the supermode threshold gains are calculated as a function of diffracting length, an oscillatory
pattern is found, in which the lowest-order mode is favored in some regions,
and the highest order in others. This behavior agrees qualitatively with that
of the Gaussian-beam approach.
Experimental verification of the model was found with seven-element
arrays fabricated with AlGaAs MQW ridge-waveguide lasers, 4.5 f.Lm wide
on 9 f.Lm centers. With Ld = 80 f.Lm, a fundamental mode far-field was observed up to 100 mW output power. With Ld = 150 f.Lm, the highest-order
supermode was seen, at similar power. Note that these lengths correspond
quite well to phase shifts of 27T and 7T in the Gaussian beam approximation.
A similar application of a 50 f.Lm-long diffraction region was reported for
anti-guiding, leaky-wave arrays (Mawst et al., 1988a). These results have
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been previously discussed in Section III, dealing with leaky-wave coupled
arrays.
A coupling mechanism related to diffraction has been studied by Salzman
and Yariv (1986). They fabricated each resonator element with a negativecurvature etched mirror, to form an array of a dozen adjacent unstable
resonators, each of whose fields spreads to other elements. They achieved
single lateral mode operation up to 2.5 x threshold, and partial spatial
coherence at currents up to 5 x threshold.

A.

Talbot Effect Coupling

Another way of viewing diffraction coupling from an infinite array is by
means of the Talbot effect (Leger and Snyder, 1984; Leger et al., 1988).
This subject is covered more extensively elsewhere in this volume in connection with external feedback. We will merely summarize its major features
here to show its relation to the diffraction coupling described above, and
to understand its recent application in internal, monolithic array mode
discrimination.
If the source field at z = 0 is assumed to be periodic in the x coordinate,
it can be expanded in a Fourier series. After some manipulation, it can be
shown (Leger et al., 1988) that the source field is replicated at distances
that are integer multiples of2d 2 / A, called the Talbot spacing. At half-integer
multiples of the Talbot spacing, the field is also replicated, but with a lateral
shift of half the source period. This effect has been exploited by Leger et
al. (1988), Leger and Holz (1988), and Roychoudhuri et al. (1988) to control
phased array modes with external feedback. It has also been applied by
Mawst et al. (1989c) in a monolithic configuration within the laser resonator.
In this example, a 10-element array of antiguides was separated within the
chip 65 f.Lm from a similar 11-element array, which was also laterally offset
by half the array period, 4 f.Lm. The longitudinal separation corresponds to
half the Talbot distance (A is the wavelength in the semiconductor). At this
distance, the Fourier components having wave vector qm = 2wm/ d are
(Wilcox et al., 1989)
(31)

which are also the Fourier components of the original spatial function
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1/f(x- d /2), as stated above. Therefore, when the in-phase mode propagates
across the diffracting region it is laterally shifted by an amount equal to
the array offset, and is well matched to continue propagating in the other
portion of the array. If the starting spatial function represents the out-ofphase mode, then it contains only the odd harmonics qm =(2m+ 1)1r/ d
(note that the spatial period has doubled). The phase shift for the mth
harmonic is then

Ll

c/Jm

=~((2m+1)7T)z
2k

d

•

(32)

At the first half-Talbot plane ( z = d 2 I A), this phase shift becomes
(33)
Since m(m + 1) is always an odd integer, all phase shifts are the same, so
that apart from a constant phase factor, the out-of-phase field is replicated
at the half-Talbot distance. Because the other part of the array has been
offset at that position, the out-of-phase nulls are now coincident with the
guide centers; from symmetry arguments, the coupling to this mode then
vanishes. These arguments apply to an infinite periodic source, but Wilcox
et al. (1989) have also considered a finite number of array elements using
the propagation characteristics of Gaussian beams. Edge effects are present,
but the qualitative Talbot results still hold. As well as suppressing the
out-of-phase mode, these edge effects may also provide discrimination
against low-order modes (Botez, 1989).
The device results of Mawst et al. (1989a) were described previously in
Section III. To recapitulate, with the half-Talbot-plane diffraction section,
they obtained 70 mW of front-facet power, with 72-75% in the diffractionlimited central lobe. When the 10/ 11-element anti-guide arrays were designed for close-to-resonant coupling to suppress low-order modes and the
Talbot filter was incorporated to suppress the anti-phase mode, diffractionlimited operation up to 10xthreshold, with 450-mW power was achieved
(Mawst et al., 1989b,c; Botez et al., 1989a). Even wider 20/21-element
arrays, with internal Talbot filters and optimized coatings, have provided
330 mW front-facet power at 1.8 x diffraction limit (Mawst et al., 1989d).
Jansen et al. (1989) have made another array configuration that monolithically incorporates a self-imaging Talbot cavity. This device used a 300 ~-tm
long section of evanescently coupled ridge-guide lasers with a 165 ~-tm long
(1/2 Talbot distance) diffraction region at one end. The outer ends of both
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regions were terminated by cleaved facets. Depending on the respective bias currents into both regions, different supermodes were favored.
Diffraction-limited single-lobed beams with 100 mW/facet were obtained.

V.

Y-BRANCH ARRAYS

In another geometric variation, the use of intersecting waveguides has been
applied to phased arrays to select the in-phase mode. Ideally, in such arrays
the mode selection properties should be determined primarily by the splitting
and combining properties of the waveguide branches. These have also been
called "interferometric" arrays, because they rely on coherent interference
of the fields to discriminate among modes (Botez and Ackley, 1986). In this
case, evanescent coupling between parallel guides is neither necessary nor
desirable. The first report of such operation was by Taneya et al. (1985),
who fabricated a laser with a single waveguide branching into two
waveguides (1: 2). The internal device structure was a modified V-channeled
substrate inner stripe (VSIS), grown by two-step liquid phase epitaxy. They
obtained 65 mW in the in-phase mode, with cw threshold currents of
approximately 100 rnA and slope efficiency 57% (on 96%/2% coated device).
No quantitative analysis was given, but the 180° mode suppression was
explained by its lower gain in the single-waveguide region. Later results
(Taneya et al., 1986) were reported for a 2:3 array, in which 50 mW was
obtained in the lowest-order mode ( v = 1). In this case, lasing was observed
at higher power in the second-order mode ( v = 2) as well, which has
out-of-phase fields in the outer stripes, and zero intensity in the center (of
the three-stripe end). Even though the v = 1 mode had the lowest threshold,
v = 2 oscillation occurred when spatial saturation of the v = 1 gain allowed
the v = 2 mode to reach threshold.
Streifer et al. (1986b, 1987) and Chen and Wang (1986) analyzed the
general case of N -1 single-mode waveguides branching and recombining
into N similar waveguides [Fig. 1(e)]. [An earlier version described by
Chen and Wang (1985b) had the wide-end outer guides shortened and
absorptively terminated.] The key point of the analysis relates to a scattering
matrix description of an individual Y-branch, based on the original formulation by Rediker and Leonberger (1982). In physical terms, a field incident
at the one-port side divides equally in power (1/v'2 in amplitude) into the
two branches, assuming that radiation losses due to scattering are negligible.
However, two fields incident at the two-port side recombine in the single
guide in a manner that depends on their relative phases; if the fields are
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out of phase, all the power is radiated since the single guide cannot support
a high-order guided mode with a null in its center. If, on the other hand,
the fields are in phase, the fields sum coherently into the single-port fundamental mode with no loss of power. For intermediate phase, c/>, the combined
single-port power transmission is cos 2 (c/>/2).
When an array with N -1 : N guides is analyzed using the above
individual Y-branch transmission properties, the problem can be described
by an N x N tridiagonal matrix, whose solutions can be found analytically
by recursion (Streifer et al., 1986b, 1987) or by assuming their form to be
a sum of exponentials (Chen and Wang, 1986). The eigenvalues, which
describe the total round-trip mode propagation factor, are (normalized to
the lowest order mode):
2 (

Un=COS

(v -1) TT)
(N- 1) 2

v= 1, ... , N,

(34)

with amplitude eigenvectors (at the wide end)
1/./2
{
U~= cos[(m-l)(v-l)TT/(N-1)]
(-1)"- 1/./2

for
for
for

m=1
m=2,3, ... (N-1)
m=N.

(35)

These results show that the mode with largest propagation factor (lowest
loss) is the in-phase mode with v = 1, u 1 = 1, and the mode with smallest
propagation factor (highest loss) is the anti-phase mode with v = N, uN = 0.
This situation is quite different from many of the evanescently coupled
supermode models considered previously, where there was little loss discrimination between the 0° and 180° modes. However, there is a problem
in mode discrimination between the v = 1 and low-order modes as N
increases. This is shown in Fig. 5, where the gain factor is plotted as a
function of mode number for different array sizes. For large N, the separation
between the two gain factors approaches [TT/2(N -1)f.
Using a totally different approach, Hermansson and Yevick (1989) have
attempted to understand the behavior of periodic Y-branch arrays by
examining the limit as N approaches infinity. This assumption leads to
transverse Floquet-type periodic solutions, which are found from a numeric
beam propagation analysis. The analysis also includes evanescent coupling
between stripes, making a correspondence with the previous results somewhat unclear. Nevertheless, they find the same type of large discrimination
between the oo and 180° modes, but with differences in some of the intermediate high-order modes. Another technique, the numerical beam propagation
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method, has also recently been applied to Y-branch arrays (Reinhoudt and
van der Poe!, 1989).
In order to minimize the intrinsic radiative scattering loss at the Yjunction, the branching angle must be quite small, typically less than a few
degrees, and the corner should be sharp. This can present some practical
difficulties in photolithographic patterning of the devices. Chinn (1988) has
analyzed an array structure analogous to the Y-branch configuration, but
with an evanescent coupling section replacing the branches. The coupling
section length is determined by requiring the 0° mode to have a 1 = 1. The
gain factor for all modes is then
(36)
where ern= m7r/(N + 1).
The gain factor for the distributed-coupler array resembles that of the
Y-branch results of Fig. 5, but with less inter-modal discrimination. The
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envelope of the v = 1 amplitude distribution is sinusoidal; it can be made
to resemble the more uniform Y-branch eigenmode by increasing the outer
guide distributed coupling coefficient by a factor of ..fi. However, in both
instances the relative mode discrimination is poorer than that of the Y -guide.
Early experimental results (Welch et al., 1986b, 1986c, 1987a) on 10element, buried-heterostructu re Y-branch arrays showed output power of
200 mW (cw) and 400 mW (pulsed) in the fundamental mode. Similar arrays
were made with inverted CSP stripes, but had higher thresholds. Both types
were made with two-step MOCVD growth. With conventional 1.5' f.Lm-wide
straight waveguides on 4 fLm centers the inherently large side-lobe ratio due
to the poor aperture fill factor was evident. When the emitting facet stripe
ends were flared (Welch, 1987b) to give an 80% fill factor, the side-lobe
content decreased markedly, but the maximum in-phase mode power
decreased to 150 mW (Welch et al., 1987a,c). A modification of Welch's
works (Shinozaki et al., 1989) uses the limit of very shortY's approaching
an offset stripe configuration with closely spaced channel-substrate indexguided lasers. Using a 4/5 stripe configuration, 150 mW of fundamental
mode power was reported.
There have been recent attempts to improve the modeling of Y-branch
arrays to understand their power limits for operating in the fundamental
mode. By adding loss terms to the linear analysis, Streifer et al. (1988) have
examined the effects of having different amounts of loss contributed by the
outer waveguide bends versus the Y-junctions. For the more relevant situation where Y-branch losses exceed bend losses, they found that the relative
mode discrimination between the v = 1 and v = 2 modes decreased significantly. When these modes are nearly degenerate they can be described
by admixtures that concentrate the mode intensity at one side of the array
or the other. Incoherent oscillation of such spatially separated modes is
consistent with many of their laboratory observations.
A more significant effect in limiting v = 1 mode operation is spatial gain
saturation. Since the outer wide-end branches of the array have one-half
the intensity of the interior guides, saturated gain above threshold will be
higher for the outer guides, and will tend to favor oscillation on the v = 2
mode. The saturated gain for v = 1 is clamped near its threshold value, but
that for the v = 2 mode continues to increase. At some point, its gain reaches
the threshold value, and it begins to lase, degrading the mode quality of
the output beam. In addition, anti-guiding effects at different saturated
carrier levels introduce undesirable phase-shifts. This behavior has been
numerically analyzed by Streifer et al. (1989a,b). They showed that the
degradation of the beam, as measured by the Strehl ratio (defined by the
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ratio of the far-field intensity at 0° to the 0°-intensity of the diffraction-limited
fundamental mode) can occur at powers of tens of mW. However, since
this degradation is determined by spatial hole-burning, modifications to the
array structure to minimize this effect can be made. Such modifications
include shortening the lengths of the wide-end waveguides and increasing
the reflectivity at that end. In theory, such improvements should yield
approximately 1W of nearly diffraction-limited power (Strehl= 0.85) in a
10-element array.
An extension of the simple Y-branch structure was made by Botez et a/.
(1987) to achieve greater internal fill factor in the array. Using an invertedrib, index-guided InP/InGaAsP structure, they used closely spaced
waveguides and merged the Y-intersection region into a single, slowly
tapered wide waveguide. The individual guides gradually broadened until
they merged at the edge of the wide-waveguide region. In a qualitative
picture, the fundamental super-mode stripe amplitudes (with cosine peak
envelope) smooth into a cosine function in the wide waveguide, which then
couples well with the fundamental super-mode in the other coupled-guide
region. The anti-phase mode, however, evolves into a pattern that has
amplitude nulls at the guides of other coupled-guide portion. Although the
wide-waveguide region is only 20 1-Lm long (i.e., less than half a Talbot
distance), we should note the similarity of this behavior to diffractioncoupling effects discussed previously in Section IV. Nearly diffractionlimited operation up to 70% above threshold, with output power of 60 m W,
was achieved. At higher power, spatial gain saturation introduced higherorder modes.
This same array configuration was implemented in an GaAs/ AlGaAs
CSP-like structure by Botez et a/. (1988c). The laser structure differed by
having an anti-guiding type of inter-channel epitaxy. Without giving a
quantitative analysis, Botez et a/. (1988c) claim that the two significant
factors that compete in the mode selection process are transverse antiguiding, which favors high-order operation, and the wide-waveguide interference, which favors low-order modes. In this instance the L = 8 mode has
the lowest threshold. In addition, such high-order modes tend to be selfstabilizing above threshold, since spatial hole-burning effects cause them
to defocus, as opposed to low-order mode self-focusing (Thompson and
Whiteaway, 1987). At 3.3 X threshold, Botez et a/. (1988c) achieved
100mW/facet, with lobes 25% wider than the diffraction limit. At 4.7x
threshold (130 mW/facet), the excess broadening increased to 50%.
Further stabilization of the array mode was achieved by coupling firstorder modes of the individual waveguides (Mawst et a/., 1988b). In this
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case, the structure consisted of periodically spaced large-optical-cavity
(LOC) Al 0. 20Ga 0. 80 As ribs over a continuous GaAs active layer. The width
of the LOC ribs was such that lateral first-order waveguide modes were
allowed. Also, the coupled waveguides had constant width, and were
abruptly terminated at the edges of the wide-waveguide interferometer
(WWI) section. In one case, with 2 1-Lm guides on 5 1-Lm centers, there is a
relatively large amount of field from first-order guide modes between the
guides. If these guided fields are out-of-phase, they couple well to the similar
first-order, out-of-phase fields across the WWI section. Operation of the
first-order waveguide mode stabilizes the out-of-phase mode against spatial
hole-burning. At Sxthreshold, 145mW/facet was obtained, with two
dominant lobes 7.SO apart, having widths 1.3 x diffraction limit. When the
lasing guides were widened to 3 j.Lm, scattering loss at the WWI boundary
was lower for the in-phase array mode (i.e., 10 first-order modes coupled
in-phase across the array). However, this mode was more susceptible to
spatial hole-burning above threshold.
Another version of interferometric array bears a closer resemblance to
the original Y-branch concept, but is X-branched to favor our-of-phase
operation (Botez et al., 1988d). Each X-branch consists of a pair of evanescently coupled, single-mode guides that merge into a wide guide, then
branch again symmetrically into single-mode guides. The wide guide supports the second-order mode created when the entrant fields are out-ofphase. Since scattering losses will be higher for the first-order wide-guide
field (in-phase condition), the X-branch serves as an anti-phase mode
discriminator. The natural tendency for anti-phase operation between guides
that couple between adjacent X-branch sections causes anti-phase operation
of the entire array. The next lower mode has in-phase operation of the
center X-branch, and will have higher loss. At 3 x threshold, 230-mW power
was obtained, with 1.2° lobe width 10% higher than diffraction limit
(approximately 180 mW was in the pure antiphase mode). Near-field data
also indicated that the mode was self-stabilizing against spatial hole-burning.
In an effort to avoid the lateral spatial hole burning problem, Whiteaway
et al. (1989) have made a "tree" array of sequential 1:2 Y-branch sections,
starting with one single-mode waveguide, which ultimately branches into
four waveguides (from two double-element Y-branches). The starting single
element constrains the subsequent phases. By appropriately choosing the
high-reflectance facet coating at that end, and the low-reflectance coating
at the multielement output end, the internal power can be made approximately the same in all branches. This idea was tested using 3 1-Lm-wide ridge
guide InGaAsP/InP lasers. Early results showed output powers of 10 mW
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in the in-phase mode, but with considerable sidelobe structure from the
large element spacing.

VI.
A.

THERMAL, NON-IDEAL, AND TEMPORAL EFFECTS

Array Tolerance and Nonuniformity

Most descriptions of array behavior have used the simplest possible models
in order to gain understanding without introducing excessive complexity.
Real devices, however, do not obey our analytical wishes. Accurate modeling of phased arrays requires an understanding of nonideal effects such
as temperature nonuniformity, deviations from design parameters, and
structural irregularities.
The earliest analyses of thermal uniformity requirements were by Tavis
and Garmire (1984) and Garmire and Tavis (1984). They examined heat
sink designs constrained by maximum allowed temperature nonuniformity
across a phased array, determined by frequency locking limits (Basov et
a/., 1965) on nonidentical lasers. Using numerical analysis programs, they
determined that optimum heat-sink designs should have a high thermal
conductivity pad (e.g., diamond) having the same width as the array, placed
on a larger pyramidal or wedge-shaped heat-sink (e.g., copper). This arrangement gives a higher junction temperature for the array but with greater
lateral uniformity than a single, broad-area heat-sink. For a typical case,
the maximum allowed temperature variation they estimated was 0.4°C
between laser diodes.
Another viewpoint for including the effects of thermal non-uniformity is
to alter the local indices of refraction due to thermal variation, and then
calculate the array modes (Hadley et al., 1987b ). The effects of the local
variation of the real part of the index from heating (assumed proportional
to temperature, and local power dissipation) can significantly alter the
modal properties of gain-guided lasers, and should be included in their
analysis. Hadley et a/. (1987b) found that both the near- and far-field
intensities were altered with a 10°C quasi-uniform temperature rise in the
multistripe region. Also, high-order modal gains varied much less with mode
order when the temperature variation was included.
High-power capability of phased-locked arrays has been increased by
improving their thermal behavior, through optimization of their length
(Aoyagi et al., 1987) and junction-down soldering techniques (Seiwa et al.,
1987).
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Other types of non-uniformities may also be important in determining
array behavior. Garmire (1988) has examined several array parameters that
are subject to variation, again from the constraint of frequency locking of
non-identical lasers, ow I w s; 2f I nkL, where r is the fraction of optical field
coupled in a single pass into an adjacent laser, k = w I c, Lis the laser length,
and n is its (modal) refractive index. To obey the weak coupling assumption
used in finding this criterion, the locking range will generally be less than
a longitudinal mode frequency difference. The locking criterion translates
into the approximate requirement that on Ins; 10-3 r, where a typical value
of r is 0.1. This in turn relates to factors that affect n, such as aluminum
composition (x ), temperature ( T), guide thickness, guide width, and carrier
density (and related current, I). To summarize Garmire's (1988) results,
OX< 1.6 X 10- 3 r, oT < 0.9°f, and 8I I I< 0.01. The thickness and width have
less stringent direct constraints, but also have indirect constraints (as does
the resistivity) through the current uniformity requirement. All of these
properties, which are spatial averages over the device length, should be
adequately controllable with careful device fabrication.
Nishi and Lang (1985) also examined the uniformity issue, but using a
modal analysis with a two-stripe example. For the ideal case, the supermode
field is equally divided between the two stripes, but differences in stripe
width cause localization of the intensity of the two supermodes in different
stripes. This localization affects the gain saturation, and has the result of
limiting the range of single supermode (i.e., phase-locked) operation. For
example, with a stripe width difference of 0.2 f.lm out of 3 fLm, the second
supermode oscillates when the current is only 3% above threshold for the
first mode.
Another type of array imperfection that can degrade performance is
non-ideal mirror facets (Chen and Wang, 1985c). Microscopic steps or
misalignment in the cleaved end can couple supermodes by the imperfect
reflection process. Using simulated random cleave positions at each laser
stripe corresponding to measured imperfections (average step height from
17 to 90 A, with standard deviation approximately, 30-40 A), they showed
significant broadening of the far-field patterns and lowering of threshold
gain discrimination. Supermode coupling due to facet misalignment was
generally less significant, and could be simulated only when the stripe
coupling x length product exceeded 1.
B.

Temporal Effects

Some temporal behavior has been implicitly described above whenever
pulsed operation of arrays has been cited. However, in nearly all those
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cases, pulsing was merely a means to reduce heating by lowering the
operating duty cycle of the arrays. Little explicit attention was given to
differences in pulsed and cw behavior (except for heating effects), and a
quasi-cw (albeit lower temperature) mode of operation was assumed during
an excitation pulse. We now discuss some explicit time-dependent measurements, which are important for understanding both pulsed behavior and
fluctuation phenomena in cw operation.
Short-pulse operation of 10-stripe, gain-guided multi-quantum-well arrays
was studied by Van der Ziel et al. (1984b), using combined de and 75 ps
current pulses. The far-field had the double-lobed pattern characteristic of
gain-guided arrays, interpreted by the authors as resulting from the antiphase mode (which, as discussed previously, is probably not the exact
situation). Gaussian-shaped pulses as short as 62 ps were obtained. Operation was described in terms of a single, high-order spatial mode, and no
effects of the array nature of the device, per se, were discussed. Differences
from earlier single-stripe BH devices were ascribed to gain parameters
associated with the MQW active region of the array.
Dynamic characteristics of the individual array emitters were first
measured by Elliott et al. (1985) with a streak camera. Current pulses with
50 ns width and 600 ps rise-time were applied to a 10-element, gain-guided
array having a MQW active region. Several interesting results were observed:
(1) single-pulse output from individual emitters showed quasi-randomly
phased spiking output for the entire duration of the 50 ns current pulse;
(2) Spikes from adjacent stripes were synchronous, but this synchronism
was not present across the entire array, since total output reached a steady
state towards the end of the current pulse; (3) The multipulse averaged
output from an individual stripe showed regular initial relaxation oscillations, and also tended toward a later steady-state level; and (4) Time
evolution of the far-field showed phase-locking within the array to occur
within 100 ps of the onset of lasing.
Similar time-resolved studies of the far-field, using a sampling rather than
streak camera technique, by Forrest and Abshire (1987) confirmed the
finding by Elliott et al. (1985) that phase-locking occurs within 100 ps of
lasing onset. However, the later study found that the super-mode evolution
did not stabilize into a steady-state superposition of modes until one to
three ns after the maximum of the current pulse had been reached.
Another system for studying array fluctuations was used by Fuhr (1985)
to examine the wavelength distribution of index-guided CSP-LOC arrays
having variable spacing between stripes. Using 200-pulse averages, with
10 ns pulses and de bias, the wavelength spread was less than 2.5 A in over
70% of the pulses, indicative of single longitudinal mode operation.
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The means of understanding such dynamic behavior was discussed by
Rozzi and Shore (1985). The interaction of spatial and temporal instabilities
can be examined by linearizing the coupled equations for carriers and
photons, and applying the Hopf bifurcation method, a stability analysis of
the resulting matrix equations of motion. Although the formalism is general,
results were cited only for the case of a single-stripe laser. The dynamics
of a specific array example were calculated by Wang and Winful (1988).
They used a numerical solution of the coupled rate equations for field
amplitude, phase, and carrier density in each stripe of a 10-element array.
Their simulated results were in excellent agreement with the experimental
findings of Elliott et al. (1985), showing continuous spiking in an individual
emitter output, but regular, damped relaxation oscillations in either the
pulse-averaged single-emitter output or the single-pulse output of the entire
array. To first-order, locking is established in a time inversely proportional
to the inter-stripe coupling coefficient. Their main conclusion was that
laser arrays are intrinsically unstable, and provide another example of
a system of coupled non-linear oscillators having deterministic chaotic
solutions.
Similar results and conclusions have been reported for index-guided
Y-branch arrays. Using pulsed excitation, with a synchronized streak
camera, DeFreez et al. (1987) have shown that the phase-coupled far-field
develops within the time resolution limit of the system, 20 ps. Slight timedependent steering of the central lobe was also observed. When theY-branch
array is operated cw, self-pulsation of the array is observed at GHz frequencies, with slight lagging of the center elements (Yu et al., 1988). Spectral
examination of a Y-branch array showed that elements at one end were
predominantly single-longitudinal-mode, and others multilongitudinalmode (DeFreez et al., 1988). Spectral structure on the single-longitudinalmode was observed, which was associated with the time-dependent amplitude and phase modulation of the array self-sustained pulsations. The array
behavior differed from that of gain-guided arrays, in that the individual
emitter pulsations had a fixed relation to the lasing onset, and could be
coherently averaged over many pulses. This implies that, while dynamic
instability is present, its chaotic nature differs from that of gain-guided
arrays.
VII.

CONCLUSION

As long as the technology for improving single-stripe semiconductor lasers
develops, a convenient means of extending their brightness limit will be
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through coherent edge-emitting arrays. Although material power density
limitations and heat removal geometry will ultimately favor surface-emitters
for high-power requirements, linear edge-emitting arrays can be fabricated
with methods much like those of single lasers, and should have many
moderate power ( < 1 W) applications. Linear monolithic non-coherent
arrays have recently provided 76 W from em-long bars (Sakamoto et al.,
1989), so the hope remains that similar coherent powers might be achievable,
with proper mode control.
Apart from thermal and structural non-uniformities, intrinsic size or
power limits to coherent single-mode operation are not yet well understood.
This area, as well as related dynamic stability questions, is likely to prove
fruitful for future modeling efforts.
Arrays will likely improve from further development of individual device
technology and from future advances in coupling design. It is likely that
as device epitaxy develops (for example, at visible wavelengths, or with
better performing strained-layer quantum wells), these improvements will
be incorporated in coherent arrays. Another trend that will probably continue is the monolithic, integrated optical incorporation of external, bulkoptic mode control techniques. Examples developed so far include Talbot
filtering and injection locking. When the first concept of parallel evanescent
coupling was tried, few imagined the more sophisticated techniques (Ybranch interferometric coupling, leaky coupling, Talbot filters, etc.), that
have since yielded the highest power devices to date. Hopefully, similar
advances will continue to appear.
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Chapter 3
VERTICAL-CAVITY SURFACE EMIITING
LASERS AND ARRAYS
Kenichi lga and Fumio Koyama
Tokyo Institute of Technology, Nagatsuta 4259, Midori-ku, Yokohama 227, Japan

In this chapter, we describe the research progress of vertical cavity surface
emitting (SE) injection lasers based on GaAlAs/GaAs, GalnAsP/InP, and
GalnAs/ GaAs systems. Ultimate laser characteristics, device design, stateof-the-art performances, possible device improvement, and future prospects
will also be discussed.
The SE laser is very attractive for future lightwave systems and rather
broad applications to opto-electronics by taking advantage of its twodimensional array configurations.
The authors of this chapter proposed a vertical-cavity SE semiconductor
laser in 1977, and efforts to fabricate one were researched. In order to
reduce the threshold current, we made several improvements in the laser
reflector and introduced a circular buried heterostructure (CBH) for effective
current confinement. The micro-cavity structure of 7 f-lm in length and 6 J-lm
in diameter provided a low threshold operation. A room-temperature cw
operation of a vertical cavity SE laser was thus obtained in 1988, and
preferable lasing characteristics such as stable single-mode operation and
circular narrow beam emission were demonstrated. These results, therefore,
triggered the research to challenge the realization of extremely low threshold
SE laser devices and densely packed two-dimensional arrays.
SURFACE EMilTING
SEMICONDUCTOR
LASERS AND ARRAYS
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I.

INTRODUCTION

The importance of semiconductor lasers is rapidly increasing along with
progress in the opto-electronics field, such as optical fiber communication
and optical disk memories. However, in the present structure of cleaved
semiconductor lasers, there are still some problems, e.g., the intial probe
test of such devices is impossible before separating the device into chips,
the monolithic integration of lasers into an optical circuit is limited due to
the finite cavity length, etc. The authors suggested a vertical cavity surface
emitting (SE) laser in 1977 for the purpose of overcoming such difficulties
as mentioned above. Figure 1 shows a model of a Fabry-Perot resonator
in vertical cavity SE lasers. The cavity is formed by the two surfaces of an
epitaxial layer, and light output is taken vertically from one of the mirror
surfaces. This method of laser structure, if utilized, can provide many novel
advantages as follows:
1. A huge number of laser devices can be fabricated by fully monolithic
processes.
2. A densely crammed two-dimensional laser array can be fabricated.
3. An ultra-low threshold operation can be expected.
4. The initial probe test can be performed before separating devices into
discrete chips.
5. Dynamic single mode operation is made possible by a gain difference
of neighboring modes with large mode spacing ( =100-400 A).
6. Vertical stacks of multi-thin-film functional optical devices can be
integrated intact to an SE laser resonator.
7. A narrow circular beam with negligible astigmatism can be achieved.

A laser structure in which the emission is taken out perpendicular to the
electrode was demonstrated by Melngailis (1965), with a bulk InSb at 10 K
under an intense magnetic field. After Melngailis, some studies on an
optically pumped platelet cavity laser with CdSe or CdS film were made
by several groups (Stillman et al., 1966; Basov et al., 1966; Packard et al.,
1969; Smiley et al., 1971). The suggestion of a double-heterostructure SE
laser was made in 1977. The first lasing operation of a GalnAsP/InP SE
laser device, in which the threshold was 900 rnA under pulsed condition at
77 K was obtained in 1979 (Soda et al., 1979). Prof. Y. Suematsu of Tokyo
Institute of Technology gave the name surface emitting laser to this device.
Since then, the authors' group has been studying a vertical cavity SE laser
device with GalnAsP/InP and GaAlAs/GaAs systems (Soda et al., 1979;
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Rr
Fig. 1. A schematic diagram of an SE laser. The front side mirror is comparatively
large compared with a mode spot size. The diameter of the rear side mirror is almost
the same as that of the active region. (From lga et al., 1988. Copyright© 1988 IEEE.)

Iga et al., 1988). The authors obtained a room-temperature pulsed operation
in a GaAlAs/GaAs SE laser in 1983 (Iga et al., 1983). It is advisable for a
long-haul system and network to use GainAsP/InP SE single-mode lasers
emitting wavelengths of 1.3 fLm or 1.5 fLm, if obtainable. On the other hand,
GaAlAs SE lasers are attractive for optical disks, optical sensing, and optical
parallel processing.
The threshold current density of experimental SE lasers was rather high
in comparison with a conventional stripe laser because of short gain region
and insufficient reflectivity of the mirrors. For these reasons roomtemperature cw operation of SE lasers was prevented until we succeeded
in improvement of the structure in 1988. According to preliminary research,
we recognized the following points as particularly important to reduce the
threshold current of a vertical cavity SE laser;
1. High reflectivity of laser mirrors (R> 95%)
2. Effective current confining structure.
In a preliminary structure (Soda et al., 1979), a gold-zinc alloy mirror
was used for a laser reflector and also served as an electrode. Therefore,
the reflectivity was poor (R < 0.8), which caused a very high threshold
current density. To increase the reflectivity of the p-side (bonding side)
reflector, we introduced a ring electrode in which the reflecting mirror is
separated from the electrode (Uchiyama et al., 1984). In addition to this,
we used a Au/Si0 2 mirror (Uchiyama and Iga, 1986a), or dielectric multilayer reflector (Kinoshita et al., 1987a), for improving the n-side (output
side) reflectivity. For the purpose of effectively confining current in an active
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region, various types of current confining structures were also introduced,
i.e., a round-low mesa, round-high mesa/polyimid buried, and circular
buried heterostructure (Uchiyama et al., 1986b ). By using a circular buriedheterostructure (CBH), the threshold was dramatically reduced, and a low
threshold was obtained in a GaAIAs/GaAs system (Iga et al., 1987;
Table I
Progress of our SE Laser Research*
Year
1977
1979
1981
1982
1983
1984

GalnAsP/InP SE Laser
Suggestion
Planar
BH
PBH
Short cavity
Window/cap
Two act.
Ring electrode
Low-mesa

198S
DBR
PBH
HMPB
DMLR
Au/Si0 2

900mA
S20mA
800mA
160mA
SOmA
180mA
14SmA
90mA
720mA
60mA
4SOmA
3SmA
700mA
120mA
2SOmA
8SmA
600mA
6SmA
18mA
400mA
24mA
20mA

(77 K, P)
(77 K, P)
(77 K, P)
(77 K, P)
(77 K, P)
(140 K, P)
(77 K, P)
(77 K, P)
(188 K, P)
(77 K, P)
(217 K, P)
(77 K, P)
(2S2 K, P)
(77 K, P)
(77 K, P)
(77 K, P)
(22S K, P)
(77 K, P)
(77 K, P)
(263 K, P)
(77 K, P)
(77 K, P)

1986

CBH
FCBH

1987

CBH

lSmA

(77 K, cw)

1988

FCBH

12mA
6mA

(77 K, cw)
(77 K, cw)

GaAIAs/GaAs SE Laser

Short cavity
Ring electrode

3SOmA (77 K, P)
1.2A (293 K, P)
SlOmA (293 K, P)
310mA (293 K, P)

DMLR

400mA

(293 K, P)

MBE
DMLR

2SOmA
4SOmA
lSOmA

(293 K, P)
(293 K, P)
(293 K, P)

CBH

MOCVD
MOCVD-CBH
MOCVD-CBH

68mA (293 K, P)
6mA (293 K, P)
4.SmA (293 K, P)
300mA (293 K, P)
SOmA (293 K, P)
SSmA (160 K, cw)
30mA (293 K,cw)

HMPB: high·mesa/polyimide-buried. DMLR: dielectric multilayer reflector. PBH: planar buried heterostructure. CBH: circular buried heterostructure. FCBH: flat surface circular buried heterostructure. MOCVD:
metalorganic chemical vapor deposition. P: pulse. CW: continuous wave.

* From lga

eta/., !988. Copyright© 1988 IEEE.
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Kinoshita and Iga, 1987b). In 1988, we achieved the first room-temperature
cw operation of a GaAlAs/GaAs SE laser (Koyama et al., 1988b). Table I
shows the progress of our SE laser research. After we had demonstrated
some good characteristics of cw SE lasers, much attention was paid to these
lasers, and many research groups such as AT&T, Bellcore and UCSB began
to research the vertical-cavity SE laser.
On the other hand, other types of SE lasers, e.g., a distributed Bragg
reflector (DBR) or distributed feedback (DFB) method using a higher-order
coupling grating (Reinhart and Logan, 1975; Evans et al., 1986; Scifres et
al., 1986); an SE laser using a 45° deflector (Springthorpe, 1977; Liau, 1985);
and a turn-up or folded cavity structure using a 45° deflecting intra-cavity
mirror or a bending waveguide (Wu et al., 1987; Yuasa et al., 1988), are
extensively studied. Several fundamental characteristics of these lasers are
summarized in Table II from the viewpoints of laser performance, twodimensional laser array application, and coupling efficiency to other devices.
In terms of laser performance itself, it is suggested that an extremely low
Table II

Characteristics of Some Types of SE Lasers*
Laser
Characteristics

2-D Laser
Array Capability

Coupling with
Other Devices

Vertical cavity

Narrow circular beam
Single mode operation

Free arrangement
Dense packing

Vertical
stacking

Horizontal cavity
grating coupling

Narrow beam in one
direction

Limited by cavity
length

Beam angle
sensitive to
the change
of
wavelength

Single mode operation
Compatible with
conventional structure
Beam quality dependent
on mirror flatness

2-D phase-locking
Limited by cavity
length

Similar to
stripe lasers

Limited equivalent
reflectivity
Simple to manufacture

Limited by cavity
length
Difficult due to
oblique output beam

Similar to
stripe lasers
Similar to
stripe lasers

45o Deflector

Turn-up cavity

*

From Iga et al., 1988. Copyright© 1988 IEEE.
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threshold may be expected in a vertical-cavity SE laser by introducing a
microcavity structure with both a cavity length and active region diameter
of several microns and a high-reflective mirror. Even if the reflectivity is as
high as 95%, high differential quantum efficiency comparable to that of
conventional stripe lasers can be achieved by taking advantage of short
cavity length.
From the viewpoint of the two-dimensional array application the vertical
cavity structure has more flexibility in its arrangement, so a densely packed
two-dimensional array can be fabricated. The density of a two-dimensional
stripe array is limited by a cavity length of about 300 f.Lm. Moreover, coupling
with other devices is easy in the vertical-cavity SE laser, since it emits a
circular narrow beam that matches to the mode of a single-mode fiber.
Vertical-cavity SE lasers utilizing semiconductor multilayer reflectors such
as a DBR (Chailertvanitkul et al., 1985; Sakaguchi et al., 1988) or DFB
structure (Ogura et al., 1984) may enable the integration of thin film
functional optical devices onto an SE laser by stacking. This will open up
a new scheme of three-dimensional integrated optics (Iga et al., 1982). Such
a thin multilayer structure can be obtained by utilizing finer growth techniques, such as metalorganic chemical vapor deposition (MOCVD),
molecular beam epitaxy (MBE), or chemical beam epitaxy (CBE) that
provide accurate thickness control and good surface morphology. Such
growth techniques may accelerate further development of vertical-cavity
SE lasers.
In this chapter, we will discuss the progress of vertical-cavity SE injection
laser research. First, some anticipated device characteristics of a short-cavity
SE laser will be presented. In particular, we shall estimate its threshold
current, differential quantum efficiency, condition for cw operation, modulation bandwidth, etc. We will also consider an in-plane superluminescence
effect. We shall next present necessary fabrication processes and experimental results on lasing characteristics of CBH SE lasers made of GalnAsP/InP and GaAlAs/GaAs systems. Finally, perspectives toward ultimate
performances and future applications, including two-dimensional laser
arrays will be discussed.

II.

EXPECTED PERFORMANCES OF VERTICAL-CAVITY
SURFACE EMITTING LASERS

Threshold Current and Quantum Efficiency
The schematic structure of a vertical-cavity SE laser is shown in Fig. 1. We
consider a circular buried heterostructure, in which the active region is
A.
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buried in a material with smaller bandgap energy, and injected carriers are
completely confined in the circular active region with diameter D. The
optical loss for the resonant mode must balance the gain to reach the
threshold. That is:
(1)
where g,h is the threshold gain, d is the active layer thickness, L is the
cavity length, aac and aex are the absorption loss in the active and cladding
layers, respectively, Rr and Rr are the reflectivities of the front and rear
side reflector, and ad is the diffraction loss. g is the energy confinement
factor, which is expressed as the product of the longitudinal confinement
factor g1 and the transverse factor g, as
(2)

g1 is expressed as
(3)

When a very thin active layer ( -100 A) is placed at the maxima of standing
wave, y equals two, and it is unity for a thick active layer. The concept of
reducing the threshold by placing the active layer at the maxima which is
called periodic gain structure is suggested (Geels et al., 1988; Raja et al.,
1988). This will be detailed in a later section.
If we assume that aac = 10 em-\ aex = 10 em-\ ad= 10 em-\ L= 7 f.-LID,
d = 3 f.-LID, and g,h = 200 cm- 1 in Eq. (1), the necessary average reflectivity
must be

.J RrRr = 0.95.

(4)

The threshold gain is expressed in terms of the threshold carrier density
N,h as
(5)

where ain is the residual absorption loss, and A 0 is the gain coefficient.
Thus, the threshold carrier density N,h is expressed as
(6)

If we put g,h=200cm- 1 , ain=400cm- 1 and A 0 =3x10- 16 cm 2 for the
GaAlAs/GaAs system, N,h = 2 x 10 18 cm- 3 • The threshold current density
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of the SE laser is then expressed as (Soda et al., 1983)
(7)

where Ts is a carrier lifetime, e is electron charge, and Bet! is the effective
recombination constant. Here we have used the following relationship:
1

Ts=---.
Bet! Nth

(8)

If there is no guiding structure in a cladding layer of a device, it results
in a divergence of a resonant beam. This causes a diffraction loss, which
limits thinning of the diameter to maintain a small diffraction. Assuming
that the transverse field distribution has a Gaussian distribution with a spot
size of s, the diffraction loss, ad is expressed as follows (Moriki et al.,
1987)
(9)
where lc is the cladding layer thickness, and k is the propagation constant.
The reduction of the diameter of the active region results in decreasing the
spot size of a resonant beam, causing a large increase in the diffraction
loss ad.
Figure 2(a) shows a calculated threshold current density of a
GaAlAs/ GaAs SE laser against active layer thickness without taking a
diffraction loss into account. When R = 95% and d = 2-3 J.Lm, the threshold
current density J 1h is 25 to approximately 30 kA/ cm 2 • This value is the same
as that of high-radiance LEDs and is not a surprisingly high level. The
increase of reflectivity can provide further reduction of the threshold current
density. A similar result is obtained for a GalnAsP/lnP SE laser (A.g =
1.3 fLm) as shown in Fig. 2b (Soda et al., 1983). We can find that the threshold
current density can be reduced to less than 10 kA/ cm 2 by increasing the
reflectivity to 99%. This may be achievable by employing a suitably controlled dielectric or semiconductor multilayer reflector. In addition, a quantum
well structure can provide a lower threshold by 40% (Uenohara et al., 1988).
By reducing the active layer thickness to 100 A and increasing the reflectivity
to 99.9%, a threshold current density of less than 1 kA/ cm 2 can be expected.
Figure 3 shows a calculated threshold current density and threshold current
against the diameter of the active region in a GaAlAs/ GaAs SE laser, in
which the spot diameter 2s is assumed to be equal to the active region
diameter D. When the diameter is more than 3 fLm, the diffraction loss is
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negligibly small. Therefore, the threshold current can be decreased in
proportion to the square of the diameter in this region. The threshold current
is a minimum in the range of the diameter from 1 to 2 f.Lm.
Also, we consider the differential quantum efficiency of the SE laser. If
we use a nonabsorbing mirror for the front mirror, the differential quantum
efficiency from the front mirror is expressed as (Kinoshita et al., 1987)
In (1/ Rr)

(10)

where T/i is the internal quantum efficiency and a is the internal loss. A
calculated result for the GaAIAs/ GaAs SE laser is shown in Fig. 4, in which
a dielectric multilayer reflector and Au-coated reflector are considered for
the front mirror. We have assumed that Rr = 1.0, and the internal quantum
efficiency T/i = 1. As for the Au-coated mirror, efficiency deteriorates due to
the absorption. In spite of rather high reflectivity of the front mirror ( ~95%),
the differential quantum efficiency stays at 40% because of its short cavity
structure.
B.

Effect of In-Plane Superluminescence

The emission in the plane of the active layer is enhanced by stimulated
emission that may prevent surface emission. When the diameter of the active
region is too large, the superradiance of some edge-emitting modes might
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dominate. Therefore, such in-plane superluminescence may deteriorate the
efficiency of surface emission (Goodfellow et al., 1981). Figure 5 shows the
numerical result of the ratio of an edge emission 11 to a surface emission
I.L against the gain-diameter product for the active region (Soda et al., 1983),
in which we have assumed that the gain is uniform over the whole region.
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In order to eliminate the unwanted in-plane superluminescence, the active
region diameter should be less than 20 tJ.m, when the gain is equal to
500 em-•.

C.

Longitudinal Mode Behavior

In a short-cavity SE laser, a stable, single longitudinal mode oscillation can
be expected due to its large mode spacing. Larger mode spacing between
the main lasing mode and neighboring longitudinal modes provides a greater
gain difference. The mode spacing 6.A is expressed as
(11)
where neff is the effective refractive index. When L = 7 tJ.m and neff= 4,
6.A = 135 A and 460 A for a GaAs laser and a GainAsP laser (Ag = 1.6 tJ.m),
respectively. The gain difference and resultant mode suppression ratio of
neighboring modes, assuming that the gain profile is a parabolic function
of wavelength is evaluated as follows:
(12)
Here we have assumed that the main lasing mode coincides with the gain
center wavelength A0 • The side mode suppression ratio is derived from a
standard multimode rate equation analysis (Soda et al., 1983) and expressed
as

c

P./ P o = - - - - - - (6.gl gth)(I I Ith -1)

(13)

Here, 6.g is the gain difference, g 1h is the threshold gain, I is the injection
current, and / 1h is the threshold current. The parameter C is a spontaneous
emission factor (Suematsu and Furuya, 1977) given by
(14)
where neq and 6.A 5 are the refractive index and the spectral width of the
spontaneous emission, respectively, g is the optical confinement factor that
is given by d I L in this case, and V is the volume of the active region.
When L = 7 tJ.m, d = 3 tJ.m, and D = 10 tJ.m, C is in the order of 10- 5 for
GainAsPIInP SE lasers (Ag = 1.6 tJ.m).
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Figure 6 shows a calculated gain difference and side mode suppression
ratio as a function of cavity length for GaAlAs/GaAs and GalnAsP/InP
(Ag = 1.6 f.Lm) SE lasers. With a cavity length< 10 f.Lm, the gain difference
is several tens cm- 1 , which is comparable to that of well-designed DBRand DFB-type dynamic single-mode lasers (Suematsu et al., 1983). Consequently, the mode suppression ratio of > 30 dB can be achievable when
I/ Ith> 1.5.
By reducing the size of the cavity volume and spectral width of spontaneous emission in Eq. (14), the spontaneous emission factor may approach
unity. A preliminary experiment and theory on the enhancement or suppression of spontaneous emission for a vertical cavity was discussed by
Yamamoto eta/. (1988).
D.

Thermal Resistance and cw Condition

When we discuss cw operation of SE lasers, the heat dissipation must be
considered. Figure 7 shows a model for calculating the thermal resistance
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Fig. 7. Calculation model of thermal resistance. (From Iga eta/., 1988. Copyright
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of SE lasers. The thermal resistance against the thickness of p-cladding
layer as function of device-size is shown in Fig. 8 (Kinoshita et al., 1987c).
It is noted that the thermal resistance R 1h can be decreased by reducing the
thickness of the p-cladding layer. The increase of chip size causes the
decrease in thermal resistance, but this is not critical when chip size is larger
than 20 fLm square. This fact also implies the limit of separation of arrayed
lasers.
We can easily think of five heat sources for a model of a p-side down
mounted laser, i.e., n-cladding, active region, p-cladding, cap layer, and
p-contact. From a rough estimation, the increase of device temperature Ll T
2000~-r~r-----r--.~~~~-M

§:'
......

Radius of

the Active Region

5J,t m

....,
~

..c:
~

1000

Thickness of p-clad

c

Cil

1 J.lffi
0.5 J.lffi

Cii

0.2 J.lffi

(1)
()

"iii
(J)

0:

Cii
E
,_
(J)

.c
1-

Radius of Device (J.Im)
Fig. 8. Thermal resistance of a GaAlAs/GaAs SE laser. (From Iga et al., 1988.
Copyright© 1988 IEEE.)

85

Vertical Cavity Surface Emitting Lasers and Arrays
~

80

,.----r--r-r.,-,-,"TTT"",-.--rf"T""TTM'T1
1

I

I

I

1

I
Radius of

"' 40
""

I

I
Region

"
~

"" 20
"'
...."
E

0 1

100
Current <rnA)

Fig. 9. Temperature rise of active region against injection current. (From Iga et
a/., 1988. Copyright © 1988 IEEE.)

is expressed as
(15)
Here, R1h.ac is the thermal resistance of device, and Eg is the band gap
energy. On the other hand, the temperature dependence of the threshold is
expressed as
(16)
If we take the characteristic temperature T0 of 150 K for GaAs lasers, the
temperature increase of the SE laser is shown in Fig. 9, when the radius of
the active region is assumed to be 5 f.Lm and 3 f.Lm, respectively. The thermal
resistance is estimated as 450 K/W when the radius of the active region is
5 J.Lm. This diagram shows that cw operation can be obtained at the temperature higher than the heatsink temperature by ~ T = 25 K. Moreover,
when the radius of the active region can be made to be <3 J.Lm, it is easier
to achieve cw operation toward higher heat sink temperature.
E.

Modulation Bandwidth

A vertical-cavity SE laser is supposed to be a good light source for optical
fiber communications as well as optical interconnection between large-scaleintegration circuits (LSis). For these applications, its modulation bandwidth
is one of the important issues. The relaxation oscillation frequency of a
semiconductor laser which provides a measure of modulation bandwidth,
is denoted by (Ikegami and Suematsu, 1968; Lau et al., 1981) the following
expression:
(17)
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where /b is the bias current, J,h is the threshold current, g is the optical
confinement factor, A 0 is the gain coefficient, P is the optical output power,
w is the optical angular frequency, T/d is the differential quantum efficiency,
and Va is the volume of the active region. Equation (17) shows that the
modulation bandwidth can be increased by decreasing the active volume.
We can, then, expect a high-speed modulation in micro-cavity SE lasers.
Figure 10 shows the relation between 3 dB modulation bandwidth and
optical output power with variation of the active region diameter. In this
calculation, we have considered the damping effect due to a nonlinear gain
(Olshansky and Su, 1985). A large modulation bandwidth can be obtained
even for fairly low output power levels, which is important for the application of densely packed SE lasers in optical interconnection of LSis. A
modulation bandwidth of 8 GHz has already been demonstrated (Jewell et
al., 1990).

F.

Spectral Linewidth

A narrow linewidth laser diode is a key device for a coherent optical fiber
communication system as well as a lightwave sensing system in future
electro-optics. The product of spectral linewidth Ll v and output power P
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is expressed (Henry, 1983) as follows:
A

I.J.

II

evghl'gthnspll'm(l + ll' 2 )
p = -'----"-----=-"'---'=----=...c---'87T

(18)

where t is the optical confinement factor, Vg is the group velocity, g," is
the threshold gain, nsp is the spontaneous emission rate, and am is the
mirror loss. We can see that the decrease of q, g, and am by adding a passive
region and by increasing the reflectivity can provide a narrow linewidth.
Figure 11 shows a calculated linewidth-power product of an SE laser. A
narrow spectral line width of < 100 kHz can be expected by increasing the
mirror reflectivity.

III.

A.

FABRICATION AND LASING CHARACTERISTICS OF
GalnAsP/InP SE LASERS

Structure and Lasing Characteristics

Figure 12 illustrates a structure of a GainAsP/InP SE laser with a circular
buried heterostructure (CBH) (Okuda et al., 1981; Watanabe eta!., 1988).
These lasers were grown by a two-step liquid phase epitaxy (LPE) growth
and successive, fully monolithic fabrication processes. In the first LPE
growth, a double heterostructure consisting of five layers was grown, i.e.,
n-type GalnAsP (etch stop layer, Te-doped, 1.5 f.Lm); n-type InP (Te-doped,
2.5 f.Lm); p-type GainAsP active layer (Ag = 1.3 f.Lm, Zn-doped, 2.5 f.Lm);
p-type InP (Zn-doped, 1.5 f.Lm); and p-type GalnAsP (cap layer, Zn-doped,
0.3 f.Lm) on a (100)-oriented n-type InP substrate. A circular Si0 2 mask with
15-17 f.Lm in diameter was formed, and the outer p-InP layer was etched
off by a Br-CH 3 0H solution. In the second LPE growth, the p-GalnAsP
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Schematic view of a CBH GalnAsP/InP SE laser. (From Kawasaki et al.,

active layer was preferentially melted back by an unsaturated Indium
solution (Arai et al., 1980), and the blocking layers consisting of p-, n-, and
p-lnP layers were regrown on the side bounding area. After the preferential
meltback etch, the diameter of the active region was reduced to 18 fLm
which was estimated from observed spontaneous emission patterns,
although the diameter of cap layer was 10 fLm. The melted back mesa was
considered to have a taper shape. This is why the diameter of the active
region was not as small when compared with the diameter of the Si0 2 mask.
The n-side surface was polished to a thickness of 150 fLm, and the n-side
Au/Sn electrode was formed. The substrate and etch stop layer were then
selectively etched to make a cavity whose length was 7 fLm. The p-side
Au/ Zn/ Au electrode was then formed, but the Au/ Si0 2 mirror was prepared
only on the surface of the etched well.
Figure 13 shows a light output/ current (L- I) characteristic of a typical
CBH SE laser device at 77 K under cw condition (Kawasaki et al., 1988).
Single longitudinal mode operation was obtained up to I I I 1h = 1.4 without
any appreciable sub-transverse modes as shown in Fig. 14. However, the
threshold current density was 6.8 kA/ cm 2 , and this level is still high. This
may have been caused by insufficient reflectivity of the mirrors. Also, there
is supposed to exist some leakage current through the boundary between
the active and blocking region, or through the blocking region. Much lower
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thresholds could be expected, which leads to room-temperature oscillation
after technical improvements such as optimization of the active layer thickness and doping levels of blocking layers, a well-controlled dielectric multilayer mirror with higher reflectivity for the n-side reflector, the reduction
of active region diameter, etc.
B.

Reflectivity Dependence of Threshold

We tried to introduce a Si/Si0 2 multilayer reflector by taking the advantage
of its wide bandwidth providing high reflectivity that comes from a large
index difference. To characterize the thresholds of the laser with an Au/Si0 2
mirror and an Si/Si0 2 mirror, we changed the Au/Si0 2 mirror to a Si/Si02
multilayer reflector by using the same device. We investigated the variation
of I 1h while changing the reflectivity of the Si/Si0 2 multilayer reflector by
increasing the Si/Si02 layers (Oshikiri et al., 1989).
A Si/Si0 2 multilayer reflector was designed to have its peak reflectivity
at about 1.25 IJ.ffi, which is the lasing wavelength at 77 K associated with
the Ga 0 .28 In 0 .72 As 0 .61 P0 .39 active medium. We evaporated a Si/Si0 2 multilayer
mirror using electron-beam deposition. The experimentally obtained reflectivity of a four-pair Si/Si0 2 mirror is 95% at 1.25 IJ.ffi.
Figure 15 shows the structure of an SE laser chip that employs a flat
surface circular buried heterostructure (FCBH) grown by LPE. The active
layer thickness is 2.7 !J.ffi, and the cavity length is 7 IJ.ffi. The active region
diameter is about 18 IJ.ffi as judged from near-field observation. The tested
laser device was loaded by an Au/Si0 2 mirror for the light output side. The
threshold was 17 rnA at 77 K as shown in Fig. 16b. This value is much
higher than the expected I 1h of approximately 2-3 rnA, and it is judged to
be due to the low reflectivity ofthe mirror. The threshold current dependence
on mirror reflectivity was investigated by the following method. First, we
checked the L-1 characteristic and the lasing wavelength of the chip with
an Au/Si0 2 mirror. Next, we removed the Au/Si0 2 mirror by a chemical
wet etch and checked the L-1 characteristic without any specific light output
mirror (Fig. 16a). After that, we evaporated a two pair Si/Si02 reflector by
electron-beam evaporator (R = 90%). The L-1 characteristic is shown in
Fig. 16c. The threshold decreased to 7.5 rnA. These observations were
performed under 77 K. We successively evaporated another two pairs of
Si/Si02 layers to raise the reflectivity still further. We found that the I 1h for
a three-pair Si/Si02 mirror was 6.2 rnA (Fig. 16d), and that for a four-pair
Si/Si0 2 mirror the Jth decreased to 6.0 rnA (Fig. 16e). This value is about
50% of the threshold current obtained by the starting device. In Fig. 16 we
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can see that there exists a nonradiative floor in the horizontal axis of about
1.5 rnA, which may be attributed to the leakage current. If we subtract this
from 6.0 rnA, the effective threshold is about 4.5 rnA.
The change of lasing wavelength with reflectivity is also shown in Fig.
16. The lasing wavelength of the laser with an Si/Si0 2 multilayer reflector
is longer than that with an Au/Si0 2 mirror. Lasing wavelength shifted to
the longer side also when the reflectivity is improved by increasing the
number of Si/Si0 2 layers. The wavelength shifted by a total of about 13 A.
We think that this phenomenon is primarily caused by the increase of the
refractive index due to decrease in the cramped carrier density above the
threshold.
Figure 17 shows the relationship between I 1h and the average reflectivity
.J Rr x Rr. Each point is plotted by using the effective I 1h, which is defined
as the I 1h minus the leakage current of 1.5 rnA. The reflectivity of an
Au-Zn-Au film employed in the bonding-side mirror is 82-83% as measured
using a test piece. The actual reflectivity of the bonding-side mirror, which
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Fig. 17. Reflectivity dependence on threshold current. (From Oshikiri eta/., 1989.
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has a A/ 4 Si02 layer between the epitaxial surface and Au-Zn-Au metal, is
estimated to be about 86-89%. We think that this low reflectivity is due to
Zn diffusion, and the light output side mirror reflectivity is 90% for two
pairs, 94% for three pairs, and 95% for four pairs. From these values, the
reflectivity of the forward Au/Si0 2 mirror that was employed first is estimated to be approximately 70%. From this result, we can expect possible
fabrication of a sub-rnA threshold device at 77 K and room-temperature
operation of GalnAsP SE devices by improving the bonding-side mirror.
Room-temperature pulsed operation of a 1.55 1-Lm GalnAsP/InP SE laser
with a high reflective semiconductor multilayer reflector has already been
demonstrated (Kasukawa et al., 1990).
IV.

A.

FABRICATION AND LASING CHARACTERISTICS OF
GaAlAs/GaAs SE LASERS

LPE-Grown SE Laser

A GaAlAs/GaAs laser employs almost the same CBH structure as the
GalnAsP/InP laser as shown in Fig. 18. In order to decrease the threshold,
the active region was also constricted by the preferential meltback method
mentioned above (Kishino et al., 1983). A threshold current of 68 rnA was
obtained under pulsed operation when the active region was constricted to
14!-Lm in diameter. Moreover, the threshold was reduced to 6 rnA when the
diameter was -6 1-Lffi under pulsed operation at 20°C (Iga et al., 1987).
SI02/TI02 dielectric multilayer

AU/Zn ring electrode

Fig. 18. Schematic view of a CBH GaAIAs/ GaAs laser grown by LPE. (From Iga
et al., 1987.)
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Figure 19 shows a light output current characteristic under roomtemperature pulsed operation. The threshold current density was 21 kA/ cm2 ,
which agrees with the theoretical value when we postulate the reflectivity
of 95%. Figure 20 illustrates a lasing spectrum at I= 20 rnA and indicates
the near-field pattern. This SE laser operated in a single mode, but the
linewidth was broadened when the current exceeded 40 rnA. The near-field
pattern of this SE laser was a circle of 6 J.l.ffi in diameter. CW operation
was obtained with Ith = 4.5 rnA (77 K). This is also a first demonstration of
a cw vertical GaAlAs/GaAs SE laser. It is noted that a microcavity of7 J.l.ffi
length and 6 J.l.ffi diameter has been realized. From this demonstration of a
microcavity SE laser, we found that extremely low threshold current operation with stable single transverse mode can be obtained by decreasing the
diameter of the microcavity.
B.

MOCVD-Grown SE Laser

We have been fabricating SE lasers mostly by LPE, in which the resulting
surface morphology has not been satisfactory in our experiment. In order
to improve the surface morphology, which is more important for SE lasers
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than for conventional stripe lasers, we introduced a metalorganic chemical
vapor deposition (MOCVD) growth for SE lasers (Koyama et al., 1987).
We fabricated GaAlAs/GaAs vertical-cavity SE lasers as shown in Fig. 21
(Koyama et al., 1988a). This device was fabricated by a two-step atmospheric
MOCVD. The laser wafer, with an active layer thickness of -2.5 f.Lm, was
grown by an MOCVD and processed by a fully monolithic technology. For
presently attainable mirror reflectivities, this thickness is considered to be
optimum for a low threshold current density. Current confining layers were
grown by a second MOCVD growth. The diameter of a buried circular mesa
was 7 f.Lm. In this device structure, the active region was not truncated and
the injected current spreads out in the active layer. The effective diameter
of the active region was then extended to around 10 f.Lm. A short cavity of
about 5.5 f.Lm thick was formed by chemically removing the GaAs substrate.
In order to increase the reflectivity of the bonding-side mirror, an
Au/Si0 2 /Ti0 2 /Si0 2 mirror was prepared. A ring electrode with an
outer/inner diameter of 40/5 f.Lm was used for current injection and transverse mode control. After forming the p-side electrode, a five-pair Si0 2 /Ti0 2
dielectric multilayer reflector was evaporated on the output side surface.
In addition, the thermal resistance of the device was reduced by bonding
the chip on a Cu heatsink for cw operation.
The fabricated devices were initially tested under pulsed conditions
(2 kpps, 200 ns duration) at room temperature. Threshold currents of most

\0
0\

Fig. 21. Schematic view of an MOCVD-grown CBH GaAIAs/GaAs SE laser. (From Koyama
et al., 1989.)
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of the tested devices ranged from 28 to 40 rnA. Maximum output power
was 12 mW with a differential quantum efficiency of 10%.

C.

cw Lasing Characteristics

Figure 22 shows a typical light output current characteristic and lasing
spectrum under cw operation at room temperature (20°C) (Koyama et al.,
1988b). The lowest cw threshold current was 30 rnA at 20°C. The differential
quantum efficiency was 9.3% at 20°C. Stable single mode operation was
achieved with neither sub-transverse modes nor other longitudinal modes.
The spectral width above the threshold was less than 1 A which is a
resolution of the spectrometer used (Anritsu MS9001A). This indicates a
clear cw laser oscillation of this device. The maximum output power of the
present device was 2.2 mW at 15oC. The saturation of output power is due
to the increase of device temperature. We believe this could be raised by
several mW or more by improved heat-sinking.
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Figure 23 shows the relative intensity of the lasing mode and neighboring
longitudinal submodes (Koyama et al., 1989). A side-mode suppression
ratio of 35 dB was obtained at I/ Ith = 1.25, which is comparable to that of
a well-designed DBR or DFB dynamic single-mode laser. Figure 24 shows
the temperature dependence of the threshold and lasing wavelength. The
temperature dependence of lasing wavelength was 0.07 nm/K. Single-mode
operation was maintained in the temperature range of more than 50 K. This
originated from the large mode spacing between neighboring longitudinal
modes ( -160 A). The temperature characteristic of the threshold current
looks different from that of conventional lasers. The increase in the threshold
is caused by gain detuning and heating. Near-field and far-field patterns
were also measured as shown in Fig. 25. A circular emission pattern of
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4 f.!.m in diameter was obtained, showing single transverse mode operation.
The beam divergence was typically 13° in full width at half maximum. This
laser emission property may relieve the problem of coupling the output to
a single mode-fiber.
The spectral linewidth was measured by a standard, delayed selfhomodyne method (Okoshi et al., 1980) with a 4 km-long single-mode
fiber. Two optical isolators, with a total isolation of 60 dB were used to
eliminate the effect of external optical feedback. Figure 26 shows the

Illth

Fig. 25.
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Near-field patterns of MOCVD grown GaAlAs/GaAs SE laser.
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Fig. 26. Self-homodyne beat signal at 1.4 mW output power. (From Sakaguchi et
al., 1988.)

self-homodyne beat signal at 1.4 mW output power (Tanabe et al., 1989).
A spectrallinewidth of 50 MHz was obtained. The linewidth-power product
is 89 MHz · m W. Even in such an ultra-short cavity device with a cavity
length of <10 J.Lm, a relatively narrow spectral line width was attained. This
was due to the high reflectivity of the mirrors. It can be expected that much
narrower laser line width can be obtained by increasing the output power
and reducing the cavity loss.

D.

Polarization Characteristics

For polarization-sensitive applications such as magneto-optic disks and
coherent detection, the polarization state of lasers must be well defined.
The polarization characteristic of several SE laser samples was measured
by detecting the output through a rotating Glan-Thompson prism (Shimizu
et al., 1988).
Figure 27 shows a typical polarization profile of intensity versus the
polarizer angle with different relative injection levels. No noticeable change
in polarization directions was observed with varying injection currents. The
output light was linearly polarized along the (011) or (011) direction. We
considered that the polarization direction was determined by the anisotropy
of the crystal surface and an evaporated mirror, the irregularity of the mesa,
etc. In order to investigate the polarization selectivity, we introduced a
theoretical model to estimate an oscillating mode and a perpendicularly
polarized mode. We calculated the relative intensity of modes along two
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Fig. 27. Polarization characteristic of a GaAlAs/GaAs SE laser. (From Shimizu
et al., 1988.)

different directions by using rate equations. These are shown by the solid
lines of Fig. 28 against the injection current level below the threshold. The
parameter is the cavity loss difference of the two modes. The black and
white circles are experimental values of the SE laser and a conventional
stripe laser, respectively. The loss difference between polarization states
of the SE laser is much smaller than that of a conventional laser. Therefore, a polarization control mechanism is needed for polarization-sensitive
applications.
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Perspective of Extremely Low Threshold Devices

Figure 29a shows the relationship between the threshold current and the
active region diameter in GaAIAs/ GaAs CBH SE lasers. In the model for
this calculation, there was no guiding structure considered in the cladding
layer, which results in a divergence of a resonant light beam. When the
diameter of the active region is large enough to maintain a small diffraction
loss, Jth is proportional to the square of the diameter of the active region.
However, the threshold approaches a minimum when the diameter is
reduced since the diffraction loss begins to dominate. The diffraction loss
was found to be negligibly small for D > 3 f.Lm. The diffraction loss can be
eliminated by introducing a cylindrical optical waveguide in the cavity.
Figure 29a shows the calculated threshold for this model. A core/ cladding
index difference of 5% was assumed. An ultra-low threshold of a few I-LA
is expected by decreasing the diameter to less then 1 f.Lm. Experimental data
of present devices are plotted in Fig. 29(b ). The microampere threshold SE
laser device is already within a target of challenge.
T = 297 K
L = 5 IJm
d = 3 1-1m
.c 100

LPE Grown
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50
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Fig. 29. (a) Threshold current versus active region diameter for a GaAlAs/GaAs
SE laser without a guiding structure. (From Oshikiri et al., 1989. Copyright© 1989
IEEE).
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Fig. 29. (b) Threshold current versus active region diameter for a GaAlAs/ GaAs
SE laser with a cylindrical waveguide.

V.

SUPERLATIICE, PERIODIC, AND
MULTILAYER STRUCTURE

A.

Quantum Well and Periodic Gain Structure

1.

Multi-Quantum Well (MQW) Structure

The quantum well laser exhibits some good characteristics such as low
threshold current (Lau et al., 1988), high relaxation oscillation frequency
(Arakawa and Yariv, 1985), larger characteristic temperatures, etc. Thus,
an SE laser with a quantum well for its active region is expected to provide
not only a higher gain but also some other better performances. Lasing
characteristics of an MQW SE laser by optical pumping was reported by
Nomura et al. (1985). Laser oscillation of an MQW SE laser by current
injection has also been reported (Uenohara et al., 1989).
The schematic model of an MQW SE laser to be fabricated is illustrated
in Fig. 30. Its threshold current density has been calculated for a
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Structure of an MQW SE laser. (From Uenohara et al., 1989.)

GaAIAs/ GaAs system using a density-matrix theory including the relaxation
broadening (Asada et al., 1985) to determine how many quantum wells are
needed to reach o~cillation. The dependence of the resultant threshold
current density on the well number is shown in Fig. 31. In this calculation,
we have assumed that the cavity length L = 7 (-LID, and the well width
W = 100 A. The threshold current density of the MQW structure is found
to be about 60% of a bulk active layer. This is due to the increase of the
optical gain by quantum size effect. There exists an optimum number of
wells versus mirror reflectivity. Note that about 100 wells are required to
obtain the minimum threshold current density when the reflectivity is 97%.
This is because the cavity length of an SE laser is much shorter than that
of an edge-emitting laser. If the reflectivity is increased to 99.9%, a singlequantum well can be used and very low threshold current density can be
expected.
An MQW SE laser with a round mesa structure (Fig. 30) was also fabricated. In this device, one hundred wells were used. A pulsed operation by
electrical pumping was obtained with a threshold current of 140 rnA at 77 K.
We believe that this was the first lasing operation of the MQW SE laser by
current injection. The threshold current obtained was not as low as expected
due to the following problems; (1) nonhomogeneous current injection into
each well, and (2) reflectivity of the mirror was insufficient for fulfilling
laser operation.
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Calculated threshold current density of an MQW SE laser.

The number of quantum wells required can be reduced by increasing the
mirror reflectivity, which may solve the above problem. Jewell et al. demonstrated an optically pumped laser operation of a single quantum well SE
laser with an extremely high reflective mirror (R> 99.9%) fabricated as
shown in Fig. 32(a) (Jewell et al., 1989a). This was a very promising result
indicating an ultra-low threshold SE laser device. During the preparation
of this manuscript, a 1.2 rnA threshold device with current injection was
developed as shown in Fig. 32(b) (Jewell et al., 1989b). Subsequently, the
threshold further reduced to 0.7 rnA (Geels and Coldren, 1990).
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from Jewell et al. 1986b with permission.)
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Periodic Gain Structure

The periodic gain concept was proposed by Geels et al. (1988) and Raja et
al. (1988). If the gain region is placed on the maxima of the standing wave
of a resonant mode, it is possible to increase the modal gain by a factor of
two, and a reduction of threshold current can be expected. Figure 33 shows
the conceptional diagram of the SE laser with a periodic gain structure.
Optically pumped cw operations of periodic gain SE lasers with a high
power conversion efficiency of more than 40%, have been demonstrated
(Schaus et al., 1989; Gourley et al., 1989).

B.

Semiconductor Multilayer DBR

Fine growth technologies such as MOCVD, MBE, and chemical beam
epitaxy (CBE) can provide superlattice structures that enable the fabrication
of DFB- and DBR-type SE lasers. For the purpose of demonstrating a DBR
SE laser, Bragg reflectors composed of 30-layer GaAlAs and AlAs with
quarter wavelength were grown by the aforementioned MOCVD technique.
A cross-sectional scanning electron microscope (SEM) photograph of the
multilayer Bragg reflector is shown in Fig. 34. The period of the Bragg
reflector was 1400 A. The reflectivity of the multilayer Bragg reflector was
measured from the top of the crystal surface. The maximum reflectivity of
97% was obtained at a wavelength of 0.87 J.Lm as shown in Fig. 35, which
corresponds to the lasing wavelength of the GaAlAs/ GaAs SE laser. Also,
it was found that it is possible to inject a carrier into an active region
through multilayers approximately 2-3 J.Lm thick by appropriately doping
the impurity. Recently, we succeeded in demonstrating the oscillation of a

PERIODIC GAIN
Fig. 33. Schematic structure of a periodic gain SE laser (Geels et al., 1988; Raja
et al., 1988).
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Fig. 34. A cross-sectional SEM photograph of a Ga0 .9 Al 0 . 1As/ AlAs multilayer
Bragg reflector.

GaAlAs SE laser that uses a multilayer reflector as one of the mirrors
fabricated as shown in Fig. 36 (Sakaguchi et al., 1988). lbaraki et al. (1989)
demonstrated a low threshold room-temperatu re cw operation of a DBR
CBH SE laser with 11h = 5.2 rnA as shown in Fig. 37.
By introducing such a periodic configuration, a reduction of the threshold
current can be expected (Uchiyama et al., 1986c). To fully activate a
multilayered active region such as an MQW and DFB, a transverse or
interdigital injection scheme was also proposed (Iga et al., 1985). A DBR
or DFB structure without facet mirrors enables the integration of functional
optical devices with SE lasers by stacking them. This concept may open a
new three-dimensio nal integrated optics research study.
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Structure of GaAlAs/ AlAs DBR SE laser. (From Tanabe et al., 1989.)

VI.

TWO-DIMENSIONAL SE LASER ARRAY

A conventional injection laser consists of two cleaved end mirrors perpendicular to the active layer, so although one-dimensional laser arrays can be
monolithically fabricated, it is necessary to stack wafers to form twodimensional laser arrays. However, it is also possible to fabricate twodimensional laser arrays by using theSE laser concept. Specifically, a vertical
cavity SE laser can form a high-density two-dimensional array. One application of such a two-dimensional array is for a high power laser, and another
is for a stacked planar optics (Iga et al., 1982). The concept of the stacked
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Fig. 37. Light output/ current characteristic of CBH DBR SE laser. (From Ibaraki
et a/., 1989, with permission.)
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planar optics is based on a two-dimensional lightwave component array
made by stacking two-dimensional planar optical device arrays such as a
planar microlens array. This configuration may enable mass production of
optical devices with easy alignment. The importance of 2-D arrays are
increasing along with the use of optical parallel processing.
The first demonstration of a two-dimensional SE laser array was performed using a GalnAsP system (Uchiyama and lga, 1985). As another
preliminary demonstration, a 5 x 5 GaAlAs/ GaAs SE laser array was fabricated by a two-step MOCVD growth as shown in Fig. 38a (Koyama et al.,
1988a). The separation of each device was 20 f.Lm, where the current
confining structure was the same as mentioned previously. This device
operated under room-temperature pulsed condition with a threshold current

-
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Fig. 38. Two-dimensional SE laser array. (a) Schematic diagram, (b) A near-field
pattern of a 5 x 5 GaAlAs/GaAs SE laser array. (Fig. 38b from Kayama et al., 1988a.)
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of 600 rnA. Thus, the minimum threshold in 25 SE LOs was estimated to
be 24 rnA. Figure 38b shows a near-field pattern with a bias current of 2.2
times the threshold. The lasing operation of 19 SE LOs among 25 devices
was obtained. Such high density 2-D laser arrays can be formed only by a
vertical cavity configuration.
A phase-locked 2-D array is attractive for high-power and narrow circular
beam operation. An appropriate design for such a phase-locked 2-D laser
array using diffraction-coupling (Leger et al., 1988) may provide stable
operation (Ho et al., 1989). A phase-locked array with much closer spacing
has been demonstrated (Yoo et al., 1990). The supermode control in a
phase-locked SE laser array remains an important problem.
VII.

CONCLUSION

A vertical-cavity SE laser possesses many advantages which are not only
helpful for mass productivity and the possibility of forming a twodimensionallaser array, but also for providing many excellent laser performances. For example, stable dynamic single-mode operation and an extremely
low threshold ( I 1h < 1 rnA) can be expected by introducing a microcavity
structure with a cavity length and active region diameter of less than several
microns. In order to reduce the threshold current of SE lasers and to
planarize the device surface, a circular buried heterostructure (CBH) was
introduced. The laser reflected was also improved by employing a dielectric
multilayer mirror. Looking at the progress of SE laser research, it is clear
that the present performance characteristics of vertical-cavity SE lasers are
not limited by any essential problems, but only by those of a technical
nature. Table III summarizes the performance of vertical-cavity SE lasers.
The development of basic semiconductor technologies, such as a damagefree micro-fabrication process and the epitaxial growth of ultra-thin layers,
may accelerate the research progress of the SE laser.
Detailed lasing characteristics of SE lasers such as transverse mode
behavior including polarization state and feedback noise are now under
investigation. Further development of the SE laser may open various applications and accelerate the integration of optical devices and optical circuits
with the freedom of two-dimensional arrays.
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Table III
Performances of Vertical-Cavity SE Lasers
Characteris tic

I,"
J,h

GainAsP
6 rnA (77 K) (Tokyo IT)
5 rnA (77 K) (AT&T)
150 rnA (300 K)
(Furukawa)

1Jd

!!.v

< 1 A (Tokyo IT)

!!.vP

RIN
Pout(cw)
P 00 ,(pulse)

fm

GaAIAs

2rnW(77K)
(Tokyo IT)
3 rnW (300 K)
(Furukawa)

InGaAs

5.2 rnA (Sanyo)
2.2 rnA (AT&T)
10kA/crn2 (TRW)
1.4kA/crn 2 (AT&T)
14% (Tokyo IT)
78% (AT&T)
50 MHz (Tokyo IT)
89 MHz · rn W (Tokyo IT)
<-140 dB/ Hz (Tokyo IT)
3.2rnW (AT&T)
120nW (TRW)

0.8 rnA (AT&T)
0.7 rnA (UCSB)
1 kA/crn 2 (Bellcore)
600 A/ crn 2 (UCSB)
28% (AT&T)

300 ps pulse (Tokyo IT)

8GHz (AT&T)

85 MHz (UCSB)
5 MHz·rnW (UCSB)
0.6 rnW (AT&T)
18rnW (AT&T)
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Chapter 4
GRATING-OUTCOUPLED SURFACE
EMmiNG SEMICONDUCTOR LASERS
Gary A. Evans*, Nils W. Carlson, Jacob M. Hammert
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Jerome K. Butler
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I.

INTRODUCTION

The ideal semiconductor laser would be 100% efficient while producing
high output power (many watts) into a single-lobe far-field with milliradian
beam divergence. In addition, this device would have a dynamically stabilized single wavelength capable of multi-GHz modulation rates and low
cost. During the past 20 years, the quest to develop such lasers has led to
the demonstration of many concepts. The extensive work on edge-emitting
arrays, distributed feedback (DFB), coupled-cavity, and distributed Bragg
reflector (DBR) lasers is documented in hundreds of publications. Preliminary investigations of many novel semiconductor laser configurations
such as multiple-junction (Kosonacky et al., 1968), external Bragg reflector
(Hammer et al., 1985), unstable resonator (Bogatov et al., 1980; Craig et
al., 1985; Salzman et al., 1985; Tilton et al., 1991), and tailored-gain (Lindsey
et al., 1987) lasers were also initiated. Three basic types of surface-emitting,
as opposed to edge-emitting, semiconductor lasers have also been considered: the vertical cavity (Chapter 3), the folded-cavity or etched facet
(Chapter 5) and the grating-outcoupled surface emitting (GSE) semiconductor laser (Burnham et al., 1975; Alferov et al., 1975; Zory and Comerford,
1975; Reinhart et al., 1975; Ng and Yariv, 1977; Evans et al., 1986; Kojima
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et al., 1987; Hammer et al., 1987; Macomber et al., 1987; Mott and Macomber, 1989; Carlson et al., 1988a; Evans et al., 1988b; Evans et al., 1989;
Welch et al., 1989; Waarts et al., 1990; Evans et al., 1991). In this chapter,
we review progress towards obtaining high power, narrow bandwidth and
dynamic stability in GSE semiconductor lasers. These GSE lasers can consist
of single elements, coherent arrays in one or two dimensions, or oscillatoramplifier configurations.
Initial interest (Stoll, 1978a; Evans et al., 1981) for GSE array architectures
resulted from a desire to develop coherent, large aperture (::=d mm 2 ),
efficient, lightweight and compact semiconductor lasers for applications
such as satellite-to-satellite communication that require several watts of
collimated power. Low-power ( -10 mW) applications are also presently
envisioned and include single-element GSE devices with beam-steering
capability for optical interconnects.
The GSE approach to the formation of diode laser arrays includes the
following advantages:
• elimination of reflecting cleaved facets, resulting in increased reliability
and simpler manufacturing;
• probe testing of devices at the wafer level, resulting in decreased
manufacturing costs;
• heat sinking through the broad faces of the wafer, allowing efficient,
high-power operation;
• scaling to large areas and high power;
• electronic beam steering by injection current adjustment or wavelength
tuning;
• complete passivation of the device with no exposed active regions; and
• realization of high optical fill factors in the emitting aperture.
However, the fabrication of GSE lasers is more complicated compared to
the simple edge-emitting lasers. Contemporary designs require multiple
independent current controls to provide beam-steering or to provide highly
coherent operation. The epitaxial material must have excellent electrical
and optical properties, and it must be extremely uniform in composition
and layer thickness, and have excellent surface morphology.
II.
A.

BASIC CONCEPTS AND OPERATING PRINCIPLES

Bragg Gratings

Grating deflections or reflections (deflections through 180°) of guided light
in an optical waveguide are caused by constructive interference due to a
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resonant phenomena often called Bragg scattering, Bragg deflection, or
Bragg reflection because of their similarity to the diffraction of X-rays from
crystal lattices (Brillouin, 1953). Bragg scattering through a particular angle
requires multiple scattering of a wave by disturbances that are spatially
periodic and sufficiently numerous to have a well-defined grating vector in
reciprocal lattice space. This process is illustrated in Fig. 1, from which the
classical relationship between the spacing A of atoms is determined from
the X-ray wavelength A and the angle of incidence e by the relationship:
rnA =2A sine

where m = 1, 2, 3, ...

(1)

For Bragg scattering, only light at certain (resonant) wavelengths A
incident upon a fixed grating period A at a fixed angle e will undergo strong
diffraction. As the wavelength departs from resonance the diffracted
intensity falls off rapidly although there is generally a weak diffracted
intensity (at a fixed angle e) for wavelengths far from the resonant
wavelength.
Bragg scattering similarly occurs if a guided mode is propagating in a
dielectric waveguide with a periodic disturbance (Kogelnick and Shank,
1972), such as the surface relief grating shown in Fig. 2(a). For modes
propagating in such structures, scattering can result in in-plane reflection
or deflection or outcoupling from the waveguide at an angle 0. The
undiffracted light, sometimes referred to as the zeroth order, continues to
propagate along the guide. In general, the grating lines are not perpendicular
to the direction of propagation in the waveguide. The angle ¢ 1 in Fig. 2(b)
is a measure of this deviation, which may be either intentional (Stoll, 1978b)

Fig. 1. Bragg scattering of a plane wave from a periodic media. Strong diffraction
peaks occur at rnA = 2A sin (J due to constructive interference.
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Fig. 2. (a) Sideview of a dielectric waveguide with a periodic surface corrugation;
(b) top view showing the grating lines at an angle <I> 1 with respect to the direction
of propagation.
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or may be the result of inevitable slight misalignments occurring during the
device fabrication process.
The directions of the appropriate propagation vectors for the periodic
dielectric waveguide structure shown in Fig. 2 are shown in Fig. 3. The
waveguide surface and waveguide planes are parallel to the y-z plane. If
the grating lines were normal to the propagation direction along the z axis,
the grating vector Kg would also be parallel to z and the guided light
(indicated by the wave vector f3 in Fig. 2) flowing in the +z direction would
be reflected into the - z direction by in-plane Bragg scattering. k 0 iss the
vector representing the outcoupled light. The deflected light is represented
by the vector ke, which has the same magnitude as the vector kerr.
X

y

a)

b)

Fig. 3. (a) Propagation vectors and angles for a general waveguide grating outcoupler. y-z is the wafer and waveguide plane; (b) propagation vectors and angles
for Bragg scattering (deflection or reflection) in the waveguide plane. kerr is parallel
to the z-axis.
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By applying the usual conservation laws in reciprocal lattice vector space,
it can be shown that

mout =

(2a)

1, 2, 3, ...

where the vector amplitudes are given by
(2b)

k 0 =27rn/ A= f3

(2c)

ke = keff = 27Tneff/ A= {3

(2d)

Kg= 27rffl 0 u 1/ A

and n 0 is the refractive index of the region into which the light is coupled,
neff is the effective index of the guided mode, A is the free space wavelength
of the light and A is the grating period.
Similarly,
m8

= 1,2, 3, ...

(3)

The integers mout and m 8 correspond to the output coupling order and
the in-plane Bragg reflection order, respectively, and ®8 is the in-plane
Bragg diffraction angle (Fig. 2(b)). Equations (2) and (3) are quite general
and may be used to find the angles and grating orders that will sustain both
in-plane Bragg scattering (reflection or deflection) and output coupling for
any waveguide containing a grating. The conditions for both to occur are
tabulated for some grating orders in Table I.
If the mode is propagating perpendicular to the gratings, the outcoupling
angle for order mout• ®"'out' is given by
neff- mou1A/ A
. ®
(4)
mout = 1, 2, 3, ...
s1n " '"out =
'
no
Equation (4) has solutions only when the absolute value of the right-hand
side is less than or equal to one. In a plane parallel geometry such as shown
in Fig. 2 if light is coupled to air at an angle ® above the grating, light will
also be coupled to air at the angle ® after passing through the substrate.
The angle in the substrate will be related to that in air by Snell's law. Light
can also be coupled into the substrate without being coupled to air. In this
case, the light suffers total internal reflection at the substrate air boundary
and is a loss mechanism for GSE devices.
For the best outcoupling efficiency, the grating outcoupler should operate
in first order (mout = 1). The value of A/ A required to give first-order
outcoupling at angle ® 1 is found from Eq. (4). Also from Eq. (4) the output
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Table I
GSE-BDB Summary. The conditions under which a waveguide mode can
simultaneously undergo distributed Bragg deflection (DBD) through an angle 0 8
in the waveguide plane and be coupled out of the waveguide plane (Grating
Surface Emission, GSE) through an angle 0 are listed for various grating orders.
mout is the grating order for GSE and m 8 is the grating order for DBD.
sin 2 0=
n;[l-4(M- M 2 )
sin 2 (0 8 /2)]

M=
mout!ms

1/1
1/2
1/3
1/4

n;
n; cos 0 /2
n;[l- (8/9) sin

Implications

n~[l-(3/4) sin 2 (0 8 /2)]

ne 2:1, no solutions exist when 0 8 = 180°, 0 = 0;
cos 0 8 /2:5 1/ ne (e.g. ne = 3.4, 0 8 = 145.8°)
solutions for ne < 3
solutions for ne < 2

2

8

2

(0 8 /2)]

2/1
2/2
2/3
2/4

+ 8 sin 2 (0 8 /2)]
same as 1/1
same as 1/3
same as 1/2

n;[l

no solutions for (M- M 2 ) < 0

3/1
3/2
3/3
3/4
3/5

(M-M 2 )<0
(M-M 2 )<0
same as 1/1
same as 1/4
n~[1-(4/5) sin 2 (0 8 /2)]

no solutions
no solutions

4/1-4/3
4/4
4/5

(M-M 2 )<0
same as 1/1
n;[1- (16/25) sin 2 (0 8 /2)]

no solutions

solutions for n. < ../5 = 2.24

solutions for ne < J573

angles of higher-order outcoupling with the same grating period and
wavelength are given by
(5)

where ~n =neff- no.
For negative 0 1 (backward outcoupling) the absolute value of the right
side of Eq. (5),
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is greater than one for all non-zero values of e. Thus, there is no solution
for emo"' for mout> 1, and hence, there will be no outcoupling orders above
the first and no losses associated with such outcouplings for gratings chosen
to give a negative e.
If, however, e is positive (forward coupling), then the absolute value of
the right side of Eq. (5) becomes
1 mout

sine+ (1- mout)

:e:l.

which can either be greater or less than one depending on the order and
index values. In particular, solutions can be found for orders coupling into
a high index substrate (n 0 =substrate index) but not into air (n 0 = 1) for
many semiconducting waveguide configurations. For example, if neff=
nsubstrate = 3.3, m = 2, and el = {+200, + 10°, +5°} light will be coupled into
the substrate at -18.4°, -40.8°, -65.9° but not into air. In these cases there
will be no outcoupling for orders higher than the second. Thus, if the
first-order outcoupling grating is chosen to couple to air in a forward
direction, light will be lost to the substrate in the second order.
In the special case of first-order outcoupling at 0° (normal to the
waveguide plane), the second grating order folds into the second-order
in-plane Bragg reflection. The resonant in-plane Bragg reflection
wavelength, AB, for a period A is given by (see Eq. (3))
mB

=

1, 2, 3, ... ,

(6)

where mB is the Bragg reflection order. In this case, mB equals 2 and mout
equals 1. Alternatively, if the nominal operating wavelength AB is specified,
the required grating period A is chosen (for the Bragg angle eB = 180°) by
(7)

B.

Single-Element GSE Lasers

Conventional edge-emitting semiconductor lasers (Figure 4(a)) using
cleaved facets to provide both feedback and outcoupling were first fabricated
in the early 1960s. The grating surface emitting laser was demonstrated
(Burnham et al., 1975; Alferov et al., 1975; Zory and Comerford, 1975;
Reinhart et al., 1975) about 15 years later. The simplest GSE laser replaces
these cleaved facets with an optical waveguide region with a distributed
Bragg reflector (DBR) grating that provides feedback for laser oscillation
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Fig. 4. (a) Conventional edge-emitting semiconductor laser; (b) single element
GSE laser.

in second-order and provides outcoupling perpendicular to the laser surface
in first-order (Fig. 4(b )). As a result, GSE lasers use horizontal epitaxial
layers to provide gain, electrical confinement and optical confinement in
the same manner as edge-emitting semiconductor lasers. Some GSE lasers
use separate gratings for feedback and outcoupling, in which case the
feedback grating can be first-order (Carlson et al., 1990a; Tiberio et al., 1991).
The earliest GSE devices produced far-field patterns with very narrow
beam divergences, but suffered from high threshold current density, low
power, poor beam quality, and low efficiency. The poor performance was
due to the double heterostructure or large optical cavity (LOC) laser structures used and the resulting high absorption of the unpumped active layer
in the DBR section. With LOC structures, the active layer was etched away
to eliminate absorption, but then the waveguide discontinuity between the
gain and DBR sections resulted in substantial scattering loss. The use of
tapered transitions was moderately effective in reducing these losses (Evans
et al., 1986). The gain section to DBR waveguide discontinuity can be made
negligible and the active layer absorption eliminated with the introduction
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of an additional growth step after removal of the active layer in the DBR
sections. This approach is often used in the InGaAsP material system (Koch
et al., 1988; Vangieson et al., 1991).
The use of 'quantum-well' geometries (developed for edge-emitting lasers
during the 1980s) for GSE lasers allowed a common waveguide in both the
gain and DBR sections as shown in Fig. (5). Because of the step-like density
of states, bandgap shrinkage effects (Tarucha et al., 1983), and saturation
of the excitonic absorption (Miller et al., 1982), the unpumped quantum-well
active region in the DBR section can have low losses (<5 cm- 1 ). In this
simple structure, the cap layer and a large portion of the p-clad must be
removed in the grating region so that a small portion of the guided mode
senses the grating region. The resulting discontinuity between the gain and
passive DBR region is very slight, with typical optical mode overlaps
(defined in Section 4.3) between 90% and 99%. Use of these quantum well
structures has led to single-element as well as to arrays of GSE lasers with
power and differential quantum efficiencies equivalent to edge-emitting
lasers.
Large far-field beam divergences, which are typically 10° (parallel) and
35° (perpendicular) relative to the plane of the p-n junction for edgeemitting lasers are overcome with the use of GSE lasers. Depending on the
length of the DBR section and the grating depth, the effective aperture of
the GSE laser can be about 100 J.Lm to 1 em or more, resulting in corresponding beam divergences of 0.5° to 0.005°.
C.

One-Dimensional GSE Arrays

Increases in emission power and reductions of beam divergence can be
achieved by forming a coherent linear array of GSE lasers (Hammer et al.,
1987; Carlson et al., 1988a; Palfrey et al., 1989; Welch et al., 1989; Waarts
et al., 1990; Parke et al., 1990a; Liew et al., 1991a). If the strength of the
grating in each passive region is such that some of the light is transmitted
to adjacent gain sections, then the linear array can operate coherently as
one long, multielement, injection-locked array. This can be achieved if the
reflectivity of the DBR section is sufficiently low. Both broad-area and
narrow-stripe one-dimensional arrays have been demonstrated. Singlefrequency operation of 3-5 ,...m-wide ridge-guided GSEs have been demonstrated at drive currents in the 4-10 times threshold range at wavelengths
of 1.3-1.5 ,...m (Palfrey et al., 1990; Vangieson et al., 1991) and 0.97 J.Lm
(Liew et al., 1991a). Differential quantum efficiencies >25%/surface, and
cw output powers > 1 W have been observed for one-dimensional GSE
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arrays (Liew et al., 1991a). Single-element arrays have achieved linewidths
of less than 300kHz (Carlson et al., 1990b).

D.

Two-Dimensional GSE Arrays

One approach to expand linear arrays into a two-dimensional array is by
expanding each single gain section in the lateral direction as shown in Figs.
5 and 6. As in one-dimensional arrays, the basic building block of twodimensional arrays is the single-element GSE discussed above. Lateral
coupling of the gain sections can be achieved using the methods discussed
in Chapter 2 for edge-emitting arrays. Simple evanescent coupling of ridgeguided lasers has been mainly used for lateral coupling (Evans et al., 1988b;
Evans et al., 1991), but Y-guide coupling (Streifer et al., 1987; Welch et al.,
1987) and 3-dB coupling has also been tried in GSE lasers (Evans et al.,
1989). As in one-dimensional arrays, the grating performs several functions
that are essential for phase-locked operation of the surface emitting array.
The grating period is chosen so that the second diffraction order acts as a
Bragg reflector in the waveguide plane, which provides the optical feedback

X

t(

y

Quantum
Well

Fig. 5. Sketch of a 10 x N array showing four gain sections withY-coupling. The
quantum-well waveguide is common to both gain and grating regions.
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p-Metalization
HR Coatings

(a)

Fig. 6. Sketch of a 10 x N array showing four gain sections with evanescentcoupling of 10 parallel ridge guide lasers in each gain section. The inset photographs
shows (a) a completed gain section with contact pad; and (b) the window region
for emission from the substrate side.

required for laser oscillation. The first diffraction order of such a grating
provides surface emission by coupling guided light normal to and out of
the waveguide plane. Finally, the zeroth diffracted order (undiffracted light)
is coupled to the adjacent colinear gain section to achieve phase-locking
in the longitudinal direction. This optical coupling due to transmitted light
has been called mutual-injection-coupling (MIC).
E.

Extended-Area GSE Arrays

In the two-dimensional arrays discussed above, the scale of lateral coupling
is small (typically 50-100 JJ-m) compared to longitudinal coupling (typically
1 em or more), and the resulting light emission is therefore from a slit-like
aperture. The resulting far-field beam divergence is narrow ( -0.01 °) along
the longitudinal axis and relatively wide ( -1 °) along the lateral axis. Many
systems applications prefer both a circularly symmetric output beam and
high output power. These requirements can be satisfied if the device is
extended laterally. The number of lateral elements can be increased, and
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up to 250 elements have been used in a single gain section for a lateral
width of 1 mm (Evans et al., 1990a).
Unfortunately, a large number of lateral elements results in numerous
lateral modes, causing problems of mode control especially with material
that is not highly uniform. However, for applications such as pumping
solid-state lasers, where single-frequency operation is unnecessary, the lower
threshold current densities obtained with very wide gain sections (Evans et
al., 1990a), due in part to reduced diffraction losses (Dupuy et al., 1992),
are helpful in increasing the efficiency.
The use of monolithic corner-turning mirrors to connect parallel columns
of one- or two-dimensional arrays on a monolithic chip allows increased
lateral extent without increasing the number of lateral modes although the
number of longitudinal modes increases. This technique has been demonstrated with one-dimensional (Palfrey et al., 1990; Liew et al., 1991a; Liew
et al., 1991b) and two-dimensional (DeFreez et al., 1990; Bossert et al.,
1990; Liew et al., 1991a; Liew et al., 1991b) arrays. Figure 7 shows a
serpentine of one-dimensional arrays while Fig. 8 shows a simple extended
area GSE ring array consisting of multiple elements in each gain section.
Figure 9 shows how such a ring configuration can be extended to multiple
columns. The corner-turning mirrors operate on the principle of total internal reflection, due to the large index change between the GaAs/ AlGaAs or
InGaAsP/InP and air interface. Columns of GSE lasers have also been
coherently connected by using an extra prism to couple light from a grating
section in one column to a grating section in another column (Carlson et
al., 1990f), as illustrated in Fig. 10.

WoveGulde

J

Corner
Turning
Mirror

Fig. 7.

Sketch of a one-dimensional serpentine GSE array.
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Fig. 8. Sketch of a 10 x 10 x 2
GSE ring laser array. Inset shows
10 evanescently coupled ridgeguided lasers in the gain section.
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Fig. 10. (a) Sketch of the prism-coupled 10 x 2 GSE array photographed in (b)
during probe testing.

G. A. Evans et al.

134

Other approaches to increasing the lateral extent of edge- and surfaceemitting lasers and amplifiers, include the use of branching waveguides
(illustrated in Fig. 11) (Krebs et al., 1991) to connect parallel columns or
a series of multiple branches in a 'tree' configuration (Parke et al., 1991).

F.

GSE Amplifier Arrays

Two variations on the basic GSE laser concept are a master oscillator power
amplifier (MOPA) configuration with multiple passive grating outcoupling
regions (Carlson et al., 1990a; Welch et al., 1990) and a MOPA with a
continuous active-grating outcoupler (Carlson et al., 1990g; Mehuys et al.,

DENSE
DISTRIBUTION

TURNING
MIRRORS

DISTRIBUTION

COARSE
DISTRIBUTION

"TOP" Y-BRANCH NETWORK/_/ 200

~m

"BOTTOM" Y-BRANCH NETWORK /

Fig. 11. Sketch of a 400-emitter coherent amplifier chip using branching
waveguides (Krebs et al., 1991) (© 1991 IEEE).

Grating-Outcoupled Surface Emitting Semiconductor Lasers

135

1991a). A key feature of these GSE-MOPA devices is that they can be
scaled to increase power output by increasing the number or size of the
amplifiers, while the oscillator (and number of oscillator modes) is
unchanged. As a result, mode discrimination does not become more difficult
with increasing size. In addition, excellent noise reduction properties are
projected for coherent, high power outputs (Carlson et al., 1990g).
The cascaded GSE-MOPA array shown in Fig. 12 consists of a singlemode GSE-distributed-Bragg reflector laser and a chain of cascaded power
amplifiers with passive grating-output coupled waveguide sections after
each power amplifier section. The period of the outcoupling gratings is
selected so that the Bragg condition for reflection is not satisfied for any
wavelength within the gain-bandwidth of the amplifier sections. As a result,
the outcoupled light is emitted off-normal, as illustrated by the arrows in
Fig. 12.
A GSE amplifier device that offers improved beam quality over the
cascaded GSE-MOPA array is obtained by replacing the chain of amplifiers
and grating output couplers by a single amplifier with a buried grating
output coupler in the active section. A diagram of this type of device is
shown in Fig. 13. A DFB (or DBR) laser oscillator that is fabricated along
the same waveguide injects coherent light into the amplifying and output
coupling region. The injected coherent signal builds up along the amplifier
region until the local gain is saturated down to the level of the total
(outcoupling and internal) losses. As a result, the local carrier density is
'pinned' along the remaining length of the aperture, which provides a
uniform phase relationship and a nearly uniform intensity over the emitting
aperture. Ideally, the wavefront of the output coupled light will be planar,
and the far-field pattern will have a strong central lobe with minimal side
lobes. However material nonuniformities in the device structure and surface
variations will give rise to wavefront aberrations. The large aspect ratio and
off-normal emission of the output beam can be corrected to near-unity

Fig. 12. Sketch of a cascaded GSE-MOPA array. Arrows indicate emission of the
grating output coupled light in the "backward" direction.
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View
Amplifier
Preamp/Modulator
DFB

Fig. 13. Sketch of a continuous active grating GSE-MOPA device. Emission of
the grating output coupled light is in the "forward" direction. Inset shows the
window region for emission from the substrate side.

aspect ratio using the simple external optics shown in Fig. 14 (Carlson et
al., 1990g; Liew et al., 1990).
The continuous active-grating MOPA requires only two or three independent electrodes, one for the oscillator, one for the amplifier, and possibly
one for a pre-amplifier. A pre-amplifier (without outcoupling) is useful to
match the output power of the oscillator to the saturation power of the
outcoupling amplifier region, resulting in maximum efficiency and noise
suppression .. Additional independent electrodes could be incorporated in
the amplifier region by fabricating segmented contacts, allowing some
electronic control of the beam pattern. The reduced number of independent
electrodes is a significant simplification over present GSE oscillator arrays
and chained amplifiers.
III.

DESIGN CONSIDERATIONS

A.

GSE Oscillator Arrays

1.

Structure Considerations

As in most semiconductor lasers, GSE lasers require an active region
designed for efficiency and high power. The passive waveguide grating
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DOC Amplifier Package
Mounted GSE Amplifier Chip
(1 em Long)

Submount-

-Cylindrical
Lens
1 em Amplifier

Fig. 14. An external optical arrangement used to correct the aspect ratio and tilt
in the output beam of an active grating GSE-MOPA.

region should have low losses and also provide the correct proportions of
outcoupled light, transmitted light, and reflected light. In addition, the active
region and the grating region must be designed so that the coupling loss
between the two regions is low. These objectives have been accomplished
by several approaches, but most successfully using single or multiple
quantum-well active regions. An additional design consideration is that
the subsequent fabrication of the device should be as simple as possible
consistent with the performance objectives.
For GSE arrays, the same quantum-well waveguide structure has been
continued throughout the unpumped grating region at wavelengths around
1.0 1-Lm and below where the AlGaAs/GaAs and InGaAs/ AlGaAs/GaAs
material systems are used. Due to the step-like density of states, bandgap
shrinkage effects, and saturation of the excitonic absorption, the unpumped
quantum-well active region in the DBR section can have low losses
( < 5 em -I). This approach has demonstrated very low threshold currents
(below 140 A/cm2 ) and high cw (>3 W) and pulsed (>30 W) power with
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differential efficiencies (both surfaces) of >90% (Evans eta/., 1991). Usually,
the lasing wavelength (which is determined by the period of the Bragg
grating) is chosen so that the emission is slightly (by 50-150 A) to the long
wavelength side of the bandgap edge, in order to reduce absorption losses
in the passive region. Although the differential quantum efficiency remains
high, the threshold current density can increase to more than 1 kA/ cm 2 with
the same structure when the grating period is chosen to force the emission
wavelength shorter than the bandgap edge (Evans et al., 1991).
In the InGaAsP material system that has emission wavelengths in the
1.3-1.7 f.Lm range, the quantum wells are typically etched away followed by
a regrowth to form a waveguide layer in the grating regions (Koch et al.,
1988; Palfrey et al., 1989). For this material system, where regrowths are
commonplace, and selective etchants are well developed, the placement of
the emission wavelength is less critical.
For cw operation, moderately low threshold current densities are required.
The mathematical expression for the threshold gain for edge- and surfaceemitting semiconductor lasers has the form (Kresse! and Butler, 1977;
Casey and Panish, 1978; Thompson, 1980; Agrawal and Dutta, 1986) as
follows:
(8)
where r active is the active layer confinement factor and represents the fraction
of the mode power contained in the active layer; g is the gain of the active
layer, aint is the loss in the active region, L is the length of the active region,
and Ref! is either the facet reflectivity (for edge-emitting lasers) or a measure
of the total (outcoupling plus internal) loss of the DBR regions. The
threshold gain for GSE lasers is discussed in Chapter 7, where it is shown
that the threshold current density decreases as 1/ N, where N is the number
of gain sections in the array. The relationship for the differential quantum
efficiency (also derived in Chapter 7), indicates the importance of reducing
internal losses, maximizing internal efficiency for GSE lasers, and shows
that the differential quantum efficiency monotonically increases with N
until the maximum value is reached.
For quantum well structures r qw = r active, and is expressed by
(9)

The integration in the numerator is over all the quantum wells in the case

139

Grating-Outcoupled Surface Emitting Semiconductor Lasers

70
60
If)

50

~ 40
~
~
0

30
20
10
0

If)

~

10

=
~
0

0.1(Jm
p+GaAS

n+GaAS
SUBSTRATE
10nm
lnx Ga1-x As
X- 0.14

20
30

a)

b)

~100

nm------.

DARK FI[L!J

Fig. 15. (a) The thickness and composition profile of a GRIN-SCH laser structure
with 66% AlAs in the cladding layers (b) TEM of the quantum-well region.

of multiple quantum wells. Values off qw for single quantum-well gradedindex structures corresponding to the laser structure shown in Fig. 15 are
shown in Fig. 16 as a function of p-cladding compositions for graded region
widths varying from 0.1-0.3 J.Lm.

2.

Lateral Guiding

Chapter 2 discusses many approaches for lateral coupling of edge-emitting
arrays, many of which have been applied to GSE arrays. Most all methods
for lateral coupling use a lateral index variation. Two of the simplest methods
to obtain index-guiding are impurity-induced disordering (Thornton et al.,

G. A. Evans et al.

140

-

0.05

-

0.04

Q)

0.03

Q)

E
Q)
&::

---

--a--

&::

&::

--<>--

0.30 Jlll1
0.25 Jlll1
0.20 Jlll1
0.15 Jlll1
0.10 Jlll1

66% AlAs

0

0

s:
E

:l

~

0.02

:l

0

0.01+---~----,-----~---.----r----.--L-~---.----~--_,

0.8

0.6

0.4

0.2

0.0

1 .0

AlAs Composition of Cladding

Fig. 16. The quantum-well confinement factor as a function of p-cladding composition for graded region thicknesses ranging from 0.1 to 0.3 J.lm.

3.34

~-~-------------------------

0.30 11m

0.20 11m

3.30
><
Q)
"C

0.151-lm

r:::

3.26v

3.22v
3.18

0.10 11m

+-----.~--.---.----r-----r--,.---..,....-----,r----.----.--,..--l

0.0

0.2

0.4

0.6

p-clad thickness

0.8

1.0

1.2

(~m)

Fig. 17 The effective index of the fundamental waveguide mode for the laser
structure shown in Fig. 15 with 60% AlAs in the clad regions for graded region
thicknesses ranging from 0.1 to 0.3 J.lm as a function of remaining p-cladding
thickness.

141

Grating-Outcoupled Surface Emitting Semiconductor Lasers

1989; Thornton et al., 1990; Zou et al., 1990) and ridges formed by etching.
Figure 17 shows the effective index of the fundamental transverse mode in
the grating region as the p-clad thickness is etched away (after removal of
the cap layer) for the graded-index separate confinement heterostructure
(GRIN-SCH) single quantum-well geometry shown in Fig. 15. The different
curves correspond to graded region widths of0.1, 0.15, 0.2, 0.25, and 0.3 j-tm.
A lateral index step in the gain region can be achieved by etching away
first the cap layer and then most of the p-clad material everywhere outside
the ridges. The effective index remains almost constant for graded region
thicknesses <::::0.3 j-tm. In this case, there would be very little interaction of
the optical field with a grating located at the p-clad-air interface. For
a graded region thickness W of ::50.25 j-tm, substantial changes in the
effective index occur as a function of p-clad thickness. For the case of
a 0.15-j-tm-thick graded layer, a lateral index step on the order of
3-8 x 10-3 can be obtained by etching the p-clad to a thickness of about
1500-800 A.
The dependence of the quantum-well confinement factor on graded layer
thickness for cladding compositions of 66% AlAs and 40% AlAs is shown
in Fig. 18.
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3.

Grating Design

The etching required to produce a lateral index ridge guide exposes a surface
in the region between the gain sections that is near the appropriate level
for a grating to outcouple radiation. The fraction of the mode power f gr
interacting with a grating formed at the p-clad/air interface (Fig. 19(a)) is
given by
(10)

where Ew(x) is the transverse field distribution in the waveguide section
and the integral in the numerator is performed over the width of the grating
region. The variation off gr (which is called the grating confinement factor)
is shown in Fig. 19(b) as a function of the distance of the grating above
the graded layer, for the laser structure described in Fig. 15 with a p-clad
composition of 66% and a graded region thickness of 0.15 J.Lm. In these
numerical calculations, the thickness of the grating region is the peak-to-
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valley distance of the grating. The grating region is assumed to have an
uniform dielectric constant equal to the average dielectric constants of the
p-clad layer and that of the adjacent dielectric layer (Si 3 N 4 in this example).
This model is consistent with that introduced for an improved perturbational
analysis of dielectric waveguides with surface undulations in the propagation region (Handa et al., 1975). From consideration of Figs. 17 and 19,
until the grating is located within about 2000 A of the graded region, very
little light can be outcoupled. Even though the p-clad layer is mostly removed
so that a significant amount of light can be coupled out, the mode in the
waveguide section is only slightly distorted from the mode propagating in
the gain section. Fig. 19( c) shows the grating confinement factor as a function
of grating depth for a fixed grating location of 0.1 f.Lm. This numerical
calculation reveals significant changes in the transmission, reflectivity, and
outcoupling of the waveguide mode in the grating region as the grating
depth is varied from 0.02 f.Lm to about 0.10 f.Lm, but shows very little change
with increasing grating depth beyond 0.1 f.Lm.
In the design and fabrication of GSE arrays, one would like to know not
only the reflectivity and transmissivity of a grating, but also the amount of
power coupled out in the upward and downward directions. Either coupledwave theory (discussed extensively in Chapter 6) or numerical approaches
can be used to calculate these properties for gratings on semiconductor
waveguides. In Fig. 20, the reflectivity, transmissivity, and outcoupled
powers calculated using a numerical method (Hadjicostas et al., 1990; Butler
et al., 1992) are shown for grating lengths of 200, 300, and 400 f.Lm for the
graded index structure in Fig. 15, assuming a p-clad thickness of 1000 A
in the grating region, a grating depth of 400 A, and a graded region width
of 0.15 f.Lm. The abscissa in Fig. 20 is the normalized wavelength deviation
({3- K)/ k 0 = t:.{3/ k 0 away from the exact Bragg condition ({3 = K), where
K=27r/A, {3=27r/A.s, k 0 =27r/A. 0 , and A.s is the wavelength in the
waveguide. For the same structure, Fig. 21 shows the amount of power
transmitted through a 300 f.Lm-long grating region as a function of grating
depth and the p-clad thickness remaining between the graded region and
the bottom of the grating.
Photoluminescence measurements on the GSE wafer along with measurements of the emission wavelength of edge-emitting lasers fabricated from
the same GSE wafer are used to predict the emission wavelength of the
GSE device. The layer thicknesses and compositions of the GSE wafer are
also measured from which an effective index curve is calculated as a function
of remaining p-clad thickness (Fig. 17). The grating period can then be
calculated once the effective index and emission wavelength is known using
either Eq. (1) or (6).
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4.

Gain Section to Grating Section Coupling

An important consideration in the choice of the epi-layer structure is the
coupling between the gain and the grating regions since the mode profiles
are slightly different in both regions. The resulting mode transmission
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fraction Kx between the gain and passive waveguide section is given by
Evans et al. (1986) as follows:
Kx

=I

L:

Eg(x)E!(x) dx

1
2

/

(J:

Eg(x)Ei(x) dx

J:

Ew(x)E!(x) dx ),

(11)
where Eg(x) and E)x) are the transverse field
waveguide sections. E!(x) and E;, (x) are the
and E,Jx). For the GRINSCH-SQW structure
transmission (K,) value ranges from 0.95

distributions in the gain and
complex conjugates of Eg(x)
shown in Fig. 15, the mode
to 0.99 for typical p-clad
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Fig. 21. Power transmitted (on resonance) through a 300 J.Lm long second-order
grating region as a function of grating depth for p-clad thicknesses remaining
between the graded region and the bottom of the grating ranging from 0 to 0.2 J.Lm.
The waveguide structure is that shown in Fig. 15 with a graded region thickness of
0.15 J.Lm and 66% AlAs in the cladding region.

thicknesses and graded region thicknesses as shown in Fig. 22. As a result,
there is very little scattering loss at the laser-waveguide transition.

5.

GSE Oscillator Array Termination

Another design consideration is the method of terminating the GSE laser
array. As shown in Chapter 7, an open-ended (terminated in a series of
unpumped gain sections or anti-reflective coated cleaved facets) GSE array
configuration, such as a linear chain or a serpentine of one- or twodimensional arrays, requires precise grating parameters to obtain a nearly
uniform near-field distribution in the gain regions to prevent spatial holeburning. On the other hand, by translational symmetry, the near-field pattern
of an ideal ring array is identical in each gain section and, therefore, the
tolerances on the grating parameters can be reduced if a ring configuration
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is used. A drawback of the ring configuration is that the corner-turning
mirrors may provide a ring feedback path for oscillation independent of
the gratings. Especially for small rings, this can lead to mode competition
between modes associated predominantly with the mirror feedback and
modes associated predominantly with the grating feedback (Evans et al.,
1990b). This problem can be avoided or minimized if the ring array is large,
and the period of the grating is chosen to provide feedback at the emission
wavelength of the mode associated with mirror feedback.
6.

Device Tolerances

a. Growth and Etching Tolerances. For a GSE array to operate as a
coherent unit rather than an incoherent assembly of individual coherent
emitters, requires that different elements of the array, when operated
individually, have an emission wavelength within the locking bandwidth of
the array. One estimate of the locking bandwidth is given by a comparison
of the spectral hole-burning width in a quantum-well laser to the reflectivity
bandwidth of the grating. As shown in Fig. 23(a), the estimated spectral
hole-burning width for a quantum-well laser is on the order of 10 A (Ahn
and Chuang, 1990), while the typical reflectivity bandwidth is about 4 A
(Fig. 20(a)).
Since the bandwidth of the grating reflectivity is narrower than the spectral
hole burned in the gain profile, closely spaced (::;; 1 A, depending on array
dimensions) array modes around the dominant central mode will be suppressed from oscillating due to spectral hole burning. The modes outside
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Fig. 23.

Frequency

a)

Frequency

b)

Spectral hole burning (a) near threshold and (b) at many times threshold.

the grating bandwidth are suppressed by the very low grating reflectivity.
(Only at very high drive currents is there enough gain away from the
hole-burned region of the gain profile for the very-low-reflectivity, offresonance DBR modes to oscillate, as illustrated in Fig. 23(b )jThis argument
ignores spatial hole burning considerations, but does suggest that, if the
uniformity of the array is such that all the individual elements emit within
about ±2 A, the complete array should lock up coherently. A more quantitative analysis of the locking bandwidth awaits more detailed calculations
and measurements for hole burning in strained and unstrained quantum-well
lasers and a nonlinear theory for GSE arrays.
If the compositions and layer thicknesses of the .epitaxial layers of the
laser structure vary across the wafer, causing the effective index for the
optical model to fluctuate, different elements of the array will tend to emit
at different wavelengths. To estimate the resulting wavelength variations,
we assume that only compositional and thickness variations produce
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emission wavelength changes since the gain spectrum of the quantum well
is very broad (Mittelstein et al., 1989). Using a modal analysis, Table II
shows such calculated wavelength shifts in a single GSE element assuming
a perfect grating period for the laser structure shown in Fig. 15 with a
p =clad thickness of 0.1 1-1m and grating depth of 0.04 1-1m (see Fig. 19).
Only the graded layers have a significant sensitivity to typical compositional variations: a wavelength shift of ±8 A results from a variation of
0.5%, while variations of 0.03% result in a shift of<± 1/2 A in the emission
wavelength.
The layers that are most sensitive to layer thicknesses are both graded
layers and the layer between the graded layer and the grating region (grating
spacer layer). If the graded region thickness varies by ±50%, the wavelength
shift is ±60 A, a ± 10% variation results in ± 12 A, and a ± 1% variation
produces only a ±1.5 A variation in the emission wavelength. Similarly, if
the grating spacer layer has a 10% thickness variation, a wavelength shift
of ±3 A results, while a 1% variation gives < ± 1.5 A. Most optimized growth
reactors can provide layer uniformities of ±10%, and the very best about
±1%.
The GSE oscillator array results reported in Section V have been grown
in a reactor that had compositional variations of about ±0.03% and thickness
variations of about ±1% (Wang et al., 1989; Wang and Choi, 1991). The
devices also had their p-cap and p-clad layers etched away by ion-beams,
and we estimate that the thickness variations due to this process are about
±10%. A noticeable improvement in wavelength uniformity can be obtained
if the thickness of the grating spacer is determined by epitaxial growth
Table II
Calculated wavelength shifts in a single GSE element due to
changes in the effective index because of compositional and
thickness variations assuming a perfect grating period for the
laser structure shown in Fig. 15.
Non uniformity
Composition (ll% AlAs)
Graded region thickness

Grating spacer thickness

Variation
±0.5%
±0.03%
±50%
±10%
±1%
±50%
±10%
±1%

Wavelength Shift
±7.6A
±0.44A
±6oA
±12A
±1.5A
±15 A
±3A
±L4A
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rather than dry etching to depths of -1 f.Lm. Both selective area epitaxy
and regrowth have been successful in reducing the variation of the grating
spacer layer.
b. Grating Tolerances. The change in emission wavelength llA due to a
change in grating period llA can be estimated from

(12)
Distortions in periodicity for gratings fabricated by holography, even
with spherical waves interfering, are reported as one part in 10 7 (Katzir et
al., 1977; Suzuki and Tada, 1980). As long as one of the interfering beams
in the holographic exposure step of the grating fabrication process is not
rapidly diverging, the chirp in the grating period can be maintained to well
under 0.1 A. Electron-beam written gratings may have period variations on
the order of 1 A or more, depending on many factors such as the stabilization
of the electronic circuits. Unlike holographically fabricated gratings, e-beam
fabricated gratings are exposed one line at a time over a limited region of
perhaps 1 mm 2 • As a result, e-beam gratings extending 1 em or more may
have several phase errors resulting from the stitching together of the smaller
fields.
During the grating fabrication process, there will inevitably be a slight
misalignment of the grating with the active region. As a result, the grating
lines are not perpendicular to the propagation direction in the plane of the
GSE device. If the grating lines are not normal to the propagation direction,
there is a wavelength shift and a tilt of the output beam direction away
from the normal to the wafer surface. The directions of the appropriate
propagation vectors for this problem are shown in Fig. 3. Using Eq. (3)
and referring to Fig. 3(b), we find that the resonance wavelength As· is
shifted from the nominal value As (assuming no grating tilt) when the
grating is tilted by <l> 1 and is given by
(13)
Equation (13) does not depend on the grating order and thus applies to
both GSE and edge-emitting DFB and DBR devices.
Using Eqs. (2) and (13) we find that the output angle to the normal is
(14a)
or
(14b)
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Thus, tilt angles in the grating result in emission angles departing from
the normal direction at angles that are approximately equal to the tilt angle
multiplied by the effective refractive index of the waveguide. In addition,
the azimuthal angle of the emitted light is rotated through the angle <I> o
which is given by
. AB'

<Po= arc sm-.

(15)

As

When the grating lines are normal to the propagation direction, <I> o is
90°. In the case that a GSE is lasing with a tilted grating, the outcoupled
light propagating in the + z direction will be tilted from the normal at an
angle opposite to that undergone by light propagating in the - z direction.
Thus, if there is sufficient grating tilt, a double-lobed far-field (in the lateral
direction) will be present even though the propagating mode could be a
fundamental spatial mode.
From either Fig. 1 or 3(b), ~0 8 , the departure of the deflection angle
from 180° is related to the grating tilt angle <:1> 1 by
(16)

For an AlGaAs waveguide with an effective index of =3.4, the change in
wavelength, 0, and <I> o as the grating is tilted through several angles is
tabulated in Table III. With moderate care, misalignment of the grating
can easily be held to <0.25°. For GSE oscillator arrays with 100 elements
and an emitting aperture of -60 J.Lm x 500 J.Lm; the predicted and measured
far-fields have half-widths of -1°X0.01° (Evans et al., 1989). Any spread
in the beam divergence in such devices due to a grating misalignment of
<0.25° would therefore be masked by the 1o lateral beam divergence. As a
result of these considerations, expected wavelength shifts of 10 A or less
Table III
Change in Wavelength, 0 8 , 0, and <P 0 for Grating Tilt Angles <P 1
<l>t (0)

Ll0s (o)

(A 0 -A) (A)

0 (0)

<I>o (o)

0
0.5
1.0
1.5
2.0

0
1.0
2.0
3.0
4.0

0
0.3
1.3
2.8
5.1

0
1.7
3.4
5.1
6.8

90.0
89.5
89.0
88.5
88.0
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due to growth and fabrication variations over areas of several square
centimeters can be expected if the very best epitaxial material is used, and
care is taken during the grating fabrication steps.
c. Wafer and Device Flatness. To achieve good beam quality (or a high
Strehl ratio) from a GSE device without external optics, the emitting surface
should be optically flat. Figure 24(a) shows the measured location of the
peak intensities (x's) compared to the ideal location (open circles) for an
early GSE array. The resulting geometry of the laser array, calculated from
the measured intensity peaks, is shown in Fig. 24(b). The array bar can be
flexed during mounting, or it can be warped due to slight lattice mismatches
during growth. Figure 25 shows interference fringe measurements on a
commercial GaAs substrate before epitaxial growth and on quantum-well
structures grown on commercial substrates with 20%, 40%, and 70% AlAs
in the cladding layers. Commercial 2 in GaAs substrates commonly have
dishing of 5 to 10 J.Lm over the wafer surface. If the cladding layers are
limited to about 20% AlAs, there is no additional bowing of the wafer,
while the additional bowing with 70% AlAs cladding layers can no longer
be measured using interference techniques. Since the surface of the GSE
device is an optical element, it should be smooth to between A/10 or A/20
to provide near-ideal beam quality without corrective optics.

oooooooooooo
XX

X

X X X X XX X

Ideal Locations
Locations

X Actual

40

60

a)

b)

Fig. 24. (a) Ideal (0) and actual (x) locations of the far-field peaks from the
individual grating sections of a bowed GSE array. (b) Resulting geometry of the
laser array calculated from the measured intensity peaks.
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(b)

(a)

(d)

(c)

(e)

Fig .. 25. Interference fringe measurements on (a) a commercial GaAs substrate
before epitaxial growth, and on quantum-well structures grown on commercial
substrates with (b) 20%, (c) 40%, and (d) 70% AlAs in the cladding layers.

Figure 26 shows a set of theoretical far-fields for a 10 x 10 GSE array
with constant phase and constant field amplitude within each of the 11
grating sections. In Fig. 26(a) there is no phase variation between each of
the 11 grating sections, and the corresponding ideal 10 x 10 GSE far-field
is shown in Fig. 26(b). In Fig. 26(c) the random phase variation shown
between each of the 11 grating sections produces the distorted far-field
shown in Fig. 26(d). Phase variations from DBR section to DBR section
can be compensated for by current adjustments to some degree (Evans et
al., 1991).

7.

Packaging Considerations

GSE arrays mounted either junction-up or junction-down have produced
watts of cw power. Junction-down mounting facilitates the removal of heat
that is generated in the active region, only a micron or two below the surface.
This approach requires that the submount have a high thermal conductivity
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Fig. 26. Calculated far-fields for a 10 x 10 GSE array. (a) Uniform phase and
amplitudes between and in each grating region produces (b) an ideal far-field pattern
with low sidelobes; (c) uniform amplitudes and phases in each grating region, but
with random phase variations between grating regions produces (d) a far-field pattern
with numerous, intense sidelobes.

and be electrically insulating to allow independent current adjustment to
each gain section. Such a package, using BeO as the submount is illustrated
in Fig. 27 for arrays consisting of one column. Figure 28 shows a similar
packaging configuration for a GSE device consisting of eight columns with
eight gain sections per column, each containing 10 elements per gain section
(640 total elements). The 10 x 8 x 8 GSE chip is shown junction-up in Fig.
28(a), the corresponding BeO submount in Fig. 28(b), and the 10 x 8 x 8
GSE chip mounted junction-down on the submount is shown in Fig. 28(c).
The eight stripes on the substrate side of the chip are anti-reflection coated
windows for laser emission. An advantage of the junction-down mounting
approach is that all the critical electrical connections are between the device
and the submount, which contains patterned metal traces matching up with
the gain pads of the GSE array. Diamond-like films, which are becoming
available at low cost, will offer substantial improvements over BeO for
submounts.
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WIRE BOND

GSEARRAY

JUNCTION SIDE
METAL PADS
INSULATING BeO
SUBMOUNT

a)

b)
Fig. 27. (a) Sketch of a GSE array mounted junction-down on an insulating BeO
submount. The BeO submount has metallized traces corresponding to the GSE gain
pads to allow independent electrical control to each gain section; (b) photograph
of a GSE array mounted junction-down on a BeO submount.
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Fig_ 28. (a) Micrograph of an eight column GSE ring array with 10 elements per
gain section and eight gain sections per column (10 x 8 x 8); (b) micrograph of a
BeO submount with independent pads corresponding to the 64 pads shown in (a);
(c) micrograph showing the GSE array flip-chip mounted to the BeO submount.
The openings in the metallization are windows for emission through the substrate.

Junction-up mounting eliminates the submount and the solder level
between the submount and the heatsink (Fig. 27), but the high thermal
resistance of the thick (75- to 100-f.Lm) device substrate results in higher
junction temperatures than junction-down mounting and leaves the electrical connections exposed.
With either mounting scheme, an anti-reflection coating on the output
surface and a high-reflection coating on the opposite surface are desired to
obtain the maximum usable power. One or both of these coatings can be
a multilayer dielectric stack grown into the epitaxial structure. This configuration, first used in vertical-cavity lasers, has been used to direct most of the
outcoupled light towards the emitting surface of a GSE device (Fig. 4 of
Chapter 6). The additional series resistance due to the added layers has
been either minimized by grading the composition of the interfaces between
the layers or eliminated by etching through the layers outside the optical
region so that the current path bypasses the multiple layers (Scott and
Coldren, 1991).
A simple, alternative approach is to use a single layer of dielectric with
an appropriate index and thickness (such as Si 3 N 4 ) as the anti-reflection
coating and a similar dielectric layer with an Au coating as the high reflection
layer for a GSE device as illustrated on the right-hand side of the sketch
in Fig. 6. Such anti-reflection and high-reflection coatings have demonstrated
reflections of < 1% and > 80% respectively (Evans et a!., 1991). Figure 29
shows an increase in the output power of 63% and a decrease in the threshold
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Fig. 30. Sketch of a continuous active grating GSE MOPA with anti-reflection
coatings on the substrate side and high-reflection coatings on the junction side.
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current of 46% for a 10 x 10 GSE oscillator array after a high-reflection
coating was applied over the grating regions.
Figure 30 shows conceptually how such coatings could be used with a
GSE MOPA with active gratings. Another possible approach that could
eliminate the need for a high reflectivity coating or grown-in multi-layer
reflectors would be to use blazed gratings (Tamir, 1981) in a unidirectional
amplifying region to direct the light predominantly towards one surface.
If the GSE arrays are mounted junction-down, the substrate must be
transparent (Evans et al., 1991) or must have etched windows (Macomber
et al., 1987) in the emitting region. For emission wavelengths above about
0.94 fLm, the substrates ( GaAs and InP) are transparent. For wavelengths
as short as 0.8 fLm, AlGaAs substrates have been used (Evans et al., 1989).
Another packaging approach is the epitaxial lift-off technique (Yablonovitch
et al., 1987), which may be especially useful for GSE arrays operating at
visible wavelengths where transparent substrates are not readily available.

B.

GSE Amplifier Arrays

1.

Grating Design for MOPAs

A major issue in the design of an optical amplifier is avoidance of reflections
that can cause instabilities in the oscillator or oscillations in the amplifier.
Therefore, the period and the strength of the grating output coupler, the
transitions between the amplifier and oscillator regions, and the device
terminations at the ends of the device are critical.
The period of the output coupling gratings should be selected so that the
second-order Bragg condition for feedback is not satisfied over the
wavelength region where the amplifier has significant gain. As a result of
this requirement, the first-order grating outcoupled light is emitted at an
angle with respect to the normal of the surface, rather than normal to the
surface as in the case of GSE oscillator arrays.
As discussed in Section II.A, light can also be coupled into the substrate
(and/ or superstrate) without being coupled to air if the light suffers total
internal reflection at the semiconductor-air boundary. Such coupling is
undesirable and contributes to the internal losses.
From Eqs. (4) and (5) and the discussion in Section II.A, there is no
solution for E>mom for mout > 1 and, hence, no diffracted orders except the
first (and no additional associated losses) if the grating period A satisfies
A/(neff+ 1) <A< A/neff·

(17)

160

G. A. Evans et al.

For these conditions, 0 1 is negative, and the outcoupled light is tilted
backwards towards the oscillator as shown in Fig. 12.
However, if the first-order outcoupling grating has a period larger than
the wavelength in the material, then
(18)
The first-order outcoupling to air is in the forward direction (corresponding
to positive values of E>m as shown in Fig. 13 and light will also be coupled
and lost to the substrate in second-order.
Although backward outcoupling results in lower losses, it is not
necessarily the best choice for GSE MOPAs. Under very high levels of
current injection to the amplifier, significant band filling occurs producing
substantial gain at wavelengths as much as 1000 A shorter than the oscillator
design wavelength. As a result, the amplifier region can self-oscillate at a
wavelength corresponding to the second-order Bragg in-plane reflection
condition of the outcoupling grating.
Self-oscillation due to Bragg resonances is easily avoided by using a
forward grating output coupler, since the second-order Bragg condition
corresponds to longer oscillation wavelengths and photon energies less than
the bandgap of the active layer material.
a. Off-Resonance Bragg Reflections. If a grating period is selected to give
an outcoupling angle 0 using Eqs. (2), (3), or (4), for an oscillation
wavelength of A, the corresponding value of the in-plane resonant
wavelength A 8 for the same grating may be found using Eq. (6). A plot of
0 for mout = 1 and AB for mB = 2 as a function of grating period is given in
Fig. 31, assuming an emission wavelength A of 9700 A and an effective
index of 3.3.
As can be seen in Fig. 31, the in-plane resonant wavelength A8 moves
farther from the outcoupling wavelength as the outcoupling angle increases
in either the forward ( +0) or backward ( -0) direction.
The question of how far from zero degrees to make the outcoupling angle
in order to reduce the residual reflection from the Bragg resonance to a
value that would avoid oscillation in an amplifier can be estimated by using
coupled-mode theory.
The (in-plane) amplitude reflection coefficient, r is given by (Yariv, 1973;
Weller-Brophy and Hall, 1985) as follows:
sinh aL
a cosh aL+i8 sinh aL'
-K

r=----------------where

K

(19)

is the grating coupling coefficient, L is the grating length, and 8
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is the detuning parameter (the departure of the source wavelength from the
Bragg resonance wavelength) defined as

nc)

1
8 = 2 7T ( L-AB.

(20a)

The attenuation (or gain) a is defined by
a

=JK 2-8 2.

The in-plane power reflectivity, R, is given by r*r. Near resonance,
and then a is real and the power reflectivity becomes
R=

sinh aL
a2 cosh aL+ 8 sinh aL ·

2
K 2
------=-----:::------:::---::--2
2
2

(20b)
K2

> 82 ,

(21)

For large departures from resonance, K 2 < 8 2 and a is imaginary. In this
case the power reflectivity may be shown to be
K2

sin 2 (a*a) 112 L

(22)

The periodic nature and the presence of zeros in Eq. (22) should be noted.
In order to obtain a useful estimate of the actual reflectivity when a
grating is chosen as an outcoupler for a GSE MOPA device we make an
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estimate of K. The worst case will occur for a strong grating that will have
a broad resonance. As an example, we consider a grating that is 100 ,...m
long and reflects 25% of the light when operated at its second-order Bragg
resonant wavelength. In this case, using Eq. (21) with 8 = 0 and L = 10-2 em,
we calculate that K =55 em - 1 •
Figure 32(a) shows the in-plane power reflectivity for a grating that
couples 9700 A light out normal to the waveguide plane (E> = 0°). This is
the special case where the first-order outcoupling wavelength and the
second-order Bragg reflecting wavelength correspond. Figure 32(b) shows
the in-plane reflectivity for a grating period that outcouples 9700 A light at
e = -20°. Both plots exhibit the typical characteristics of resonances that
consist of a main lobe with smaller side lobes at periodic intervals. For
these calculations a nominal waveguide refractive index of 3.3 is assumed.
Figure 33 shows the in-plane reflectivity on a log scale for a grating period
which outcouples 9700A light at E>=-20°, +20°, -10°, and +10°. Figures
32(b) and 33 show that the in-plane reflectivity of the grating in the vicinity
of the emission wavelength (9700 A) is extremely low.
The peak value of the reflectivity at wavelengths over which the amplifier
has sustained gain is of chief interest in determining if the amplifier will
oscillate. Far from the grating resonance, 8 » K and Eq. (22) reduces to
(23)
Using Eq. 19, the normalized, peak-in-plane reflectivity (Rpeak at A= 9700 A
divided by R at the Bragg resonance wavelength) is plotted against the
outcoupling angle in Fig. 34. At E> = 0°, Rpeak = R. The normalized value
falls to =5 x 10-4 ate= ±5°, 10-4 at ±10°, and continues to fall off reaching
a value =3 x 10-5 at ±20°. If R at the Bragg wavelength is 0.25, the actual
reflectivities will be reduced in proportion.
Although coupled-mode theory is relatively simple and helpful in developing insight while providing analytical expressions, its validity far from
resonance is questionable. Numerical methods, while less intuitive, are quite
accurate. Figure 35 shows the normalized reflectivity on resonance (A=
0.955 ,...m) and off resonance for the dielectric waveguide profile of Fig.
19(a) as a function of emission wavelength (or outcoupling angle), calculated using a numerical method (Butler et al., 1982). For this calculation,
the cladding layers contain 66% AlAs, the graded region thickness is 0.15 ,...m,
the grating period is 2906 A, the grating depth is 0.1 f.Lm, the p-clad thickness
(between the graded layer and the bottom of the grating) is 0.1 f.Lm, and
the length of the grating is 1 mm. Unlike the simple coupled-mode theory,
discussed previously, the reflectivity profile calculated using the numerical
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Continued.

method is not symmetric. However, the agreement between the coupledmode estimate and the numerical method is within a factor of two for
forward outcoupling angles up to 10°, and suggests that the simple coupledmode theory can be used for initial designs. The reflectivity is sufficiently
low to avoid amplifier oscillation for forward outcoupling angles of 5° to
10° or more.
b. Transition and Termination Reflections. Slight changes in mode size
and effective index can occur between the waveguide region without a grating
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and that with a grating. The resulting Fresnel power reflection (Rp) between
such regions is given by
(24)
where ne is the effective index in a region without a grating and neg is the
effective index in a region with a grating.
The values of the effective index for the different regions and the mode
coupling (using Eq. 11) between the regions are shown in Table IV for both
a chained MOPA (Fig. 12) and a buried active grating MOPA (Fig. 13). In
one design (Fig. 12), the grating is etched into the p-clad region and capped
with a dielectric layer. In the second design (Fig. 13), a GaAs grating is
buried within a 40% AlAs layer. In both cases, a 50% duty cycle grating is
assumed.
The index profile for the buried active grating MOPA in this example is
shown in Fig. 36. The n-clad region contains 60% AlAs, each graded region
is 0.15 (-LID thick, 60 A barriers are on either side of the 100 A quantum
well, the spacing between the GaAs grating layer and graded region is
0.1 (-LID, and the grating layer is 0.1 (-LID thick. The dashed-line near-field
distribution in Fig. 36 is for a section of the device where the grating layer
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has been etched completely through with a 50% duty cycle and square wave
profile. The solid-line near-field distribution is for a section of the device
where the grating layer is completely intact (not etched).
These examples indicate that for such structures, the Fresnel reflection
between regions of GSE devices is approximately 10-5 or less, and the
coupling fractions are >0.97. If necessary, the reflections from such discontinuities in active grating devices can be further reduced by thinning the
grating layer in the sections where the grating is not etched, reducing the
Table IV
Mode Coupling and Fresnel Reflection Values for Active and Passive
Grating Devices
Device type
Passive grating
Active grating

n.

n••

RF

K

3.273
3.335

3.266
3.316

1.1 X 10-6
8.2X 10-6

0.975
0.972
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effective index difference and increasing the mode overlap (Eq. 11) between
the two regions.
Another source of reflections is from the terminations of the waveguide.
If the ends are uncoated cleaved facets, reflections of 30% are expected
(Eq. 24). These reflections can be greatly reduced by many techniques
including sawing the ends at an angle or applying anti-reflection coatings.
Another approach to minimizing reflections is to make the end sections of
the waveguide highly lossy by implanting damage or by having an extended,
passive grating outcoupling region. Most of these techniques can essentially
eliminate end reflections.

2.

Cascaded GSE-MOPA Arrays

To optimize power and efficiency from a chain of N identical cascaded
power amplifiers and output coupler sections, the coupling strength of each
grating coupler and the operating level of each amplifier must be selected
so that the total losses of each grating section is balanced by the single-pass
gain of each amplifier, as explained below (Mehuys et al., 1991b; Carlson
et al., 1990a). Also, the transmission of each passive waveguide (with grating
output coupler) must be sufficiently large so that the input power to each
amplifier in the chain is high enough to saturate the gain to a level where
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amplified spontaneous emission noise will be suppressed. A detailed analysis
of these topics can be found in Mehuys et al. (1991c).
In Fig. 37, the total power output of an amplifier chain is plotted as a
function of the number of amplifiers in the chain for different values of the
grating transmission. In this calculation, the unsaturated gain of each
amplifier was 100 em-', and the 3 dB saturation power for the gain was
5 m W. For grating transmissions equal to or less than the inverse of the
saturated gain, the total power output saturates at powers much less than
1 W as the number of cascaded amplifiers in the chain is increased. This
occurs because the input power to each successive amplifier is decreased,
so that eventually it drops to the power of the noise, and the coherent power
output goes to zero. For grating transmissions greater than the inverse of
the saturated gain, the total power output scales linearly with the number
of cascaded amplifiers in the chain, and power outputs in excess of 1 W
are predicted, as shown in Fig. 37.
For an amplifier chain of a given size, there is a fairly wide range of
grating transmissions where appreciable output powers can be obtained. In
Fig. 38, this is illustrated for a chain with 20 amplifier sections where the
total power output is plotted as a function of the grating transmission. The
grating transmission has been displayed on a log scale. In this calculation,
the unsaturated gain was 100 cm- 1 and the saturation power was 5 mW.
There is a rapid increase in the power output as the grating transmission
is increased above 0.01 and a local maximum in the transmission occurs at
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Fig. 37. Calculated power output as a function of the number of cascaded
amplifiers.
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0.1. For grating transmission values between about 0.03 and 0.3, the power
drops only to about 80% of the maximum at the extremes of the range.
Thus, small or even large deviations in the grating transmission from the
optimum value will have little effect on the total power output.

3.

Active Grating MOPA

The characteristics of the amplified light in an active grating GSE amplifier
can be modeled using the well-known Rigrod analysis, where the
amplification of coherent optical power as a function of position, Pc(z), is
governed by (Siegman, 1986; Butler et al., 1989) the following:
(25)
where g 0 is the gain coefficient, Ps is the saturation power of the amplifier
active layer, a is the modal loss coefficient, and a 0 is the grating output
coupling coefficient. The internal limit power of the amplifier, P 1im, obtained
from Eq. (25) by setting dPc(z)/ dz equal to zero is given by
(26)
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This is the maximum internal power level that occurs when the saturated
gain is balanced by the total internal losses. This is often referred to as the
loss-limited saturated regime of operation. The total coherent power output
due to grating outcoupling, P~u 1 (z), is given by
(27)
where L is the length of the active grating amplifier. For a sufficiently long
amplifier or for Pc(O)- P 1im, the total power output is well-approximated by
(28)
Even though the active grating amplifier is operated m a completely
saturated regime, the emission power scales linearly with amplifier length.
With the grating output coupler incorporated into the active section of the
amplifier, the amplifier power output is generated by a distributed loss. In
contrast, this type of power scaling does not occur in conventional edgeemitting amplifiers, where the maximum power output cannot exceed P 1im
because the amplifier power output is generated by an end loss.
In order to accurately model the characteristics of active grating
amplifiers, a self-consistent calculation (Marcuse, 1983) that accounts for
the spatial dependence of the amplified coherent light, gain (carrier density),
and amplified spontaneous emission should be used. However, when the
input power is equal to P 1im maximum noise suppression is obtained and
the output power is given by Eq. (28).
The total power output is seen, from Eq. (28), to scale linearly with both
the amplifier length, L, the saturation power of the amplifier waveguide
mode, Ps, and the unsaturated modal gain coefficient, g0 • There are two
competing effects that come into play when the total power output is
maximized with respect to the grating output coefficient, a 0 • For a fixed
operating level (constant current and hence constant g 0 ), as a 0 is increased
the fraction of light output coupled from the waveguide will increase, but
the modal power in the waveguide (set by P 1im) will decrease. This will give
rise to a local maximum in the total power output as a function of C¥
Maximizing Eq. (28) with respect to a 0 gives,
0 •

ao=~-a.

(29)

From this result it is seen that the optimum value of a 0 is a function only
of the modal gain coefficient (and therefore the injected current) and the
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internal modal losses, a. Fortunately, the square root reduces the dependence on gain, so high power outputs can be obtained over a wide range
of grating output coefficients.
For maximum efficiency (and noise suppression) it is desirable to minimize a. In the loss-limited saturated regime, the differential quantum efficiency
(or slope efficiency) T/, is given by
(30)
where T/i is the internal quantum efficiency. When a 0 is selected for maximum
power output at a fixed operating level with an unsaturated modal gain
coefficient of gr, T/ is given by
(31)
Note that T/ will increase if ao is optimized for higher operating level (larger
gr) and the modal losses are decreased. To simultaneously maximize both
power output and T/, a 0 should be much greater than a.
Reports in the literature (Eisenstein et al., 1990) on MQW-SCH
InGaAsiinP 1.5 1-lm amplifiers give the following set of device parameters
for buried ridge guide type devices operating at 24 kAI cm 2 : g0 = 90 em -I,
Ps = 74 mW, and a= 15 cm- 1 • Using this set of measured device parameters
in Eq. (29), it is found that a 0 = 22 cm- 1 for maximum power output. Then
using Eq. (28), it is seen that the maximum power output per unit length
is 2.33 WI em.
The calculated power current characteristics of a 1 em long 4 1-lm wide
MOPA are shown in Fig. 39, using the device parameters reported in
Eisenstein et al. (1990). At 12 A the current density is 24 kAicm 2 , corresponding to the highest reported drive levels. The two curves correspond to
different values of the modal loss. As expected, a significant improvement
in power output is obtained when the losses are decreased to 5 em-\ which
correspond to some of the lowest losses reported for InGaAsiinP MQW
structures.
Similar power outputs are expected for InGaAsiGaAs quantum-well
structures operating in the 0.9-1.0 1-lm wavelength range. In this material
system, P 5 -10mW, and a-5cm- 1 or less (Mehuys et al., 1991c). This
corresponds to a maximum power output per unit length of about 1.4 WI em,
for g 0 = 200 cm- 1 (for a single quantum-well structure) and optimized
a 0 = 27 em-\ for maximum power output. Higher power output levels
would be expected with multiple quantum-well structures. Note that the
InGaAsl GaAs material system may produce a more efficient amplifier if
the modal losses can be kept small (::::;5 cm- 1 ) because the unsaturated
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modal gain coefficient is higher (several hundred cm- 1 ) than that in
InGaAsP/InGaAs. In addition, the lower value of Ps in the InGaAs/GaAs
material system implies that loss-limited saturated operation is obtained
with lower input powers, so there should be less spontaneous emission
noise at saturation in InGaAs/GaAs MOPAs than in the InGaAsP/InGaAs
devices.
In order to obtain a grating output coefficient of 20 cm- 1 or more (which
is fairly large) without substantially changing the active layer confinement
factor or increasing the internal losses, a buried-grating structure (Takemoto
et al., 1989; Carlson et al., 1991a; Andrews et al., 1991) is used for the active
grating amplifier. Figure 40 shows a plot of the calculated grating output coupling strength versus grating depth for a 1.5 f.Lm MQW-SCH structure
(Eisenstein et al., 1990) using a boundary element method (Hadjicostas et
al., 1990). Here, the grating layer is InGaAsP (with a bandgap energy
corresponding to 1.25 f.Lm) imbedded in InP cladding. Metallized, surfacerelief gratings have also been used in active grating devices (Zory and
Comerford, 1975; Macomber et al., 1987; Matt and Macomber, 1989).
An important concern in the operation of a long amplifier such as the
active-grating GSE is the level of amplified spontaneous emission (ASE)
noise. At current densities greater than the transparency level, and with no
coherent power input from the oscillator, the spontaneous emission noise
power is more than sufficient to saturate the available gain. Spontaneous
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emission that is emitted into the same beam divergence as the amplified
coherent signal will reduce coherence and degrade the signal-to-noise ratio
of a signal in the far field. A dominant contribution to noise in the far-field
beam will come from spontaneous emission that is emitted into the
waveguide mode. Because of the dispersive nature of the grating and the
broad bandwidth ( -300 A) of the spontaneous emission, a small fraction
of the isotropically radiated spontaneous emission power is preferentially
scattered into the same direction and beam divergence as the coherent beam.
As the coherent input power is increased, the spontaneous emission noise
will become suppressed and the amplified coherent signal will build. This
is shown in Fig. 41, where the calculated coherent power output and noise
power output are plotted as a function of the coherent input power injected
by the oscillator. Although the total coherent output begins to saturate at
an input power of about 0.1 mW, the minimum noise power output occurs
for coherent input powers of 10 mW or more. At this input power level the
gain is nearly saturated at the amplifier input by the coherent light, and
maximum noise suppression is obtained. When the input power is equal to
the limit power and loss-limited saturated operation occurs over the entire
extent of the amplifier, the carrier density is pinned over the entire length
of the amplifier. Additional carriers that are injected contribute almost
exclusively to stimulated recombination, so that the ratio of coherent
amplified signal power to noise power will increase with increased injection
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current. This mode of operation is very much like a laser operating above
threshold. The origin of the similarity is that the dominant radiative recombination path is stimulated recombination into a single mode for both structures. In a laser, feedback causes amplification of a spontaneously emitted
photon in the waveguide mode to a power level where the saturated gain
equals the round-trip cavity losses. In the active-grating amplifier, the
injected coherent input signal to the amplifier is of sufficiently high power
so that the saturated gain per unit length equals the losses per unit length
over the entire length of the amplifier, thereby pinning the carrier density.

C.

Wavelength Tunable Diode Lasers and GSEs

Many monolithic tunable diode lasers use DFB or DBR gratings. Thus,
grating surface emitting lasers may be modified for broadband tuning by
use of additional electrodes as outlined in the following paragraphs. In the
case of a MOPA-GSE, tuning of the master oscillator will result in angular
scanning of the output beam.
A schematic of a general type of tunable distributed-Bragg-reflector
(DBR) diode laser is shown in Fig. 42. A DFB laser with a single electrode
in the amplifier current region is substantially not tunable. When electrodes
and structures are added to allow carrier injection in the grating region 18 ,
or to allow the insertion of a section to control phase lp, or to allow both,
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Fig. 42.

Phase

Bragg Grating

Sketch of a tunable, three-electrode DBR semiconductor laser.

it becomes possible to tune the operation of the laser and maintain reasonably uniform output and narrow linewidth (Kobayashi and Mito, 1988).
Physically a mechanism to allow the maintenance of both the round trip
phase and the gain condition for lasing as wavelength is changed is
required.
In the case of devices that add only phase control (Jp), the gain can be
compensated by changing the current to the amplifier section (JA) to make
up for the loss of reflectivity in the Bragg reflector as the device is tuned
off resonance. Such a device demonstrates a relatively small continuous
tuning range ( -4 A). As the phase is continuously changed, the wavelength
changes monotonically for several A at which point it reverts back to its
initial value and repeats the cycle (Tohmori et al., 1983).
Devices that have a tuned Bragg grating (Broberg and Nilsson, 1988;
Kotaki et al., 1988; Koch et al., 1988)-the refractive index in the grating
region is changed by injection current so the resonant reflecting wavelength
is tuned-can have a very wide but discontinuous tuning range. In these
devices the grating resonant wavelength can be tuned over a broad range,
but it is not possible to retain the phase condition over the tuning range so
the device jumps from one Fabry-Perot mode to another as the tuning
continues. A high value of 116 A was reported (Broberg and Nilsson, 1988).
Three-section devices that include a tuned Bragg grating Us) and a phase
section (Kotaki and Ishikawa, 1989) are capable of a relatively broad
continuous or quasi-continuous tuning range while maintaining a constant
output power. In these devices it is necessary to adjust /A as /p and Is are
varied if continuous tuning and constant output are required.
Continuous, smooth tuning of 18 A with a three-section DBR laser has
been obtained (Kotaki and Ishikawa, 1989), while 44 A of continuous and
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100 A of quasi-continuous tuning for three-section DFB lasers has been
demonstrated (Kobayashi and Mito, 1988).
D.

Beam-steering of GSE Oscillator Arrays

For many applications of high-power, narrow-bandwidth coherent sources (such as space communications, optical recording, optical computing
and optical interconnects), electronic beam-steering is desirable. The farfield outputs of edge-emitting phased arrays have been steered both electronically (Katz eta!., 1983) and by injection-locking with an external laser
(Hohimer et al., 1985; Abbas et al., 1987). Electronic beam-steering has also
been observed in grating-coupled Fabry-Perot diode lasers (Kan et al.,
1986) and single-element surface-emitting distributed Bragg reflector lasers
(Kojima et al., 1987; Evans et al., 1986). Beam-steering from coherent GSE
diode laser arrays has been demonstrated in the longitudinal direction
(Carlson eta/., 1988b) and in the lateral direction (Hammer et al., 1990).
In addition, beam-steering has been achieved in GSE laser amplifiers by
simply changing the wavelength of the master oscillator or oscillators (Parke
et al., 1990b).
A network theory (Amantea et al., 1989; Amantea et al., 1990) has been
used to explain the mechanism of electronic beam-steering in GSE oscillator arrays. By adjusting the drive current to each active region, the effective
optical length of the active regions is modified. This causes a continuous
transformation along the longitudinal axis of the amplitude and phase of
the array mode, resulting in a redistribution of the relative phase of the
optical field in the different DBR sections (Evans eta/., 1989). The far-field
pattern of the array is determined by the phase and amplitude of the light
coupled out along each DBR section. These output phases and amplitudes
in turn depend directly on the phase and amplitude of the standing wave
along the DBR section. Because all the outputs are coherent, the relative
phases of the standing waves in each DBR section affect the position of
the far-field pattern due to interference between the light emitted from
different DBR sections. In addition, if the wavelength of the array mode is
detuned slightly from the Bragg condition, then the phase will vary across
the surface of each grating, resulting in a tilt of the beam coupled out from
each DBR section. Varying the current to one or more gain regions changes
the index of refraction of those sections of the cavity. This results in both
a change in the oscillation condition and a change in the optical path length
(phase delay) between the DBR sections. Thus, the relative phases of the
field at the grating surface are changed, and the beam is steered in the far

178

G. A. Evans et al.

field along the direction that corresponds to the injection coupling. From
this conceptual argument it follows that electronic beam-steering can be
obtained from injection-coupled surface emitting laser arrays using spatially
nonhomogeneous current distributions to drive the array gain elements.
Furthermore, this type of beam-steering should be insensitive to the lateral
(direction perpendicular to injection-coupled direction) structure of the
array.
The far-field patterns of a two-dimensional 10 x 10 GSE array have been
measured in real-time as the current to the ten electrically independent gain
sections was varied. These arrays were terminated at each end by a series
of unpumped gain sections and DBR sections. Figures 43(a) and 43(b)
show the far-field pattern along the longitudinal direction corresponding
to two different sets of currents to the ten gain sections. In Fig. 43(a), the
gain sections 1 through 10 were simultaneously driven with 100 ns current
pulses with the following respective peak values: 765 rnA, 370 rnA, 310 rnA,
300 rnA, 380 rnA, 840 rnA, 730 rnA, 445 rnA, 245 rnA, and 615 rnA. These
current settings produced a power output of 200m W. The resulting far-field
pattern (Fig. 43) consisted of a dominant single lobe with a full width
half-maximum angular divergence of0.015°. The steered beam in Fig. 43(b)
was obtained by increasing the current to the fourth gain section by 50 rnA.
This current change had a negligible effect on the total output power of the
array, and the width of the primary lobe (0.015°) did not measurably change.

Fig. 43. (a) The far-field pattern of a 10 x 10 GSE array at one set of currents to
the gain sections, and (b) when the current to the fourth gain section was changed
by 50 rnA. A shift of 0.05° is evident between the far-field patterns shown in (a) and
(b). This is equivalent to more than three beam widths.
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A shift of 0.05° in the pattern (corresponding to more than three full beam
widths at half-maximum) is clearly observed as the current to the fourth
gain section was changed. Simple antenna theory predicts that on the order
of 10 distinct spots could be resolved in the far-field for this array geometry.

IV.

A.

FABRICATION

Fabrication Steps

The basic steps involved in making a GSE device is the growth of an
appropriate epilayer structure followed by defining the gain regions and
the outcoupling regions. Several approaches can be used to obtain lateral
index guiding, including etched ridges (Evans et al., 1991) and impurityinduced disordering (Thornton et al., 1989; Thornton et al., 1990; Zou et
al., 1990).

B.

Fabrication of Passive Grating GSE Devices

The fabrication sequence of a single GSE element or a GSE array is similar.
If an etched ridge is used for lateral index guiding, the first step can be
metallizing the complete junction side of the wafer. The gain section pattern
(single element or multiple element) is then defined in photoresist over the
metallized surface. Ion beam-etching is then used to etch away the unprotected metal, the cap layer, and much of the p-clad layer. If the layers of each
material are known precisely, then a timed etch will result in the desired
thickness of the p-clad layer. In practice, a small segment of the GSE wafer
is often sacrificed when the etching is estimated to be about 75% completed.
Measurements on the sacrificed sample provide an indication of the progress
and allow a recalculation of the etch time, if necessary. If the gain section
consists of a single element, wet chemical etching can be used along with
built in etch-stop layers to simplify the process. However, with twodimensional arrays formed by closely spaced ( evanescently coupled or
Y-coupled) ridges with a width of 1-3 fLm on 2-4 fLm centers, the undercutting experienced with wet chemical etching generally precludes their use.
After definition of the gain sections, the grating is fabricated. In most
cases, a holographic approach (Hellinger et al., 1981) is used, although
gratings formed by electron-beam writing and focused ion-beam micromachining (DeFreez et al., 1989) have been used. The holographic method
requires the application of a thin ( -1000 A) layer of photoresist to the
wafer surface and subsequent exposure by interfering laser beams to form
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a fringe pattern with a period corresponding to the desired grating period
of the GSE array. The period of the fringe pattern A depends on the
wavelength of the exposing light Aexp and the total angle 28 between the
interfering beams and is expressed by the equation
A= Aexp/ (2 sin 8).

(32)

After development, the resulting photoresist grating is replicated into the
p-clad layer of the wafer by chemical or dry etching. Dry etching generally
results in a more uniform grating, but to minimize damage, the ion-beam
acceleration voltages should be low. Figure 44 shows top and profile views
of ion-beam (a, b) and chemically assisted ion-beam (c, d) gratings on an
exposed su~face of AlGaAs using acceleration voltages of 300 V in both
cases.
The grating depth is chosen to provide the proper reflection, outcoupling,
and transmission and depends on the epi-layer structure, remaining p-clad
thickness, and grating length, as discussed in Section III. For the structure
shown in Fig. 15, typical values for the p-clad thickness and grating depth
are 0.1 !Lm and 0.04 IJ-m, respectively for GSE arrays with 300 ~J-m-long
grating regions separated by 20 gain sections.
If required, ridges connecting each element in one group of laterally
coupled gain sections to corresponding elements in a longitudinally adjacent
group of gain sections can be defined in photoresist between the gain
sections. An additional 200-500 A of the p-clad layer can then be removed
by chemical etching (Evans et al., 1988a) or ion-beam etching outside the
ridge regions, producing an index step for the ridges in the grating sections
of approximately 3 x 10-3 •
If the GSE device is a MOPA, then the holographic grating fabrication
cycle must be repeated a second time since the oscillator gratings and the
amplifier gratings require different periods. In this case, before grating
fabrication, the wafer surface is covered with a thin ( ~ 1500 A) layer of
Si3 N 4 that is then patterned with openings to correspond to the location of
the oscillator gratings. After fabrication of the oscillator gratings, the original
Si3 N 4 layer is removed and replaced with a new layer. The new layer is
then patterned with openings that correspond to the location of the offresonance, outcoupling gratings, and the grating fabrication sequence is
repeated. Of course, if a focused ion- or electron-beam is used to fabricate
the gratings, the multiple dielectric depositions and patterning is eliminated.
The grating/ etching process is followed by plasma deposition of a 1500 Athick layer of Si3 N 4 over the p-side of the wafer. Using standard photolithographic techniques, the Si 3 N 4 is removed only on the tops of the ridges in
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(b)
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(c)
Fig. 44. Top and profile views ofion-beam (a, b) and chemically assisted ion-beam
etched (c, d) gratings on an exposed surface of A!GaAs.
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(d)
Fig. 44.

Continued.

the gain sections, and the p-surface is re-metallized with Ti (500 A) and
Au (1000 A) by electron-beam evaporation. Gold contact pads for each
group of array elements are then plated to a thickness of about 1 f.Lm over
the gain sections through openings in a photoresist layer. After photoresist
removal, the thin layer of p-metal connecting the plated contact pads is
removed by ion beam-etching to provide electrical isolation between groups
of gain sections. Finally, after thinning and polishing the substrate side of
the wafer to about 100 f.Lm, a 1500 A thick layer of Si 3 N 4 , which acts as an
anti-reflect coating over the n-side of the wafer, is applied. Using standard
photolithographic steps, the Si 3 N 4 is protected in the regions opposite of
the gain regions, but removed in continuous 100 f.Lm wide columns on either
side, to provide windows in the substrate for light emission as shown in
Figs. 6, 13, 27 and 28. Next, Au/Ge/Ni/ Au n-side contacts are evaporated
and sintered. The resulting GSE arrays are capable of emission from both
the grating side and the substrate side, assuming that the substrate is
transparent to the lasing wavelength. For InGaAsP/InP devices and for
strained quantum-well GalnAs devices with the AlGaAs/GaAs material
system, the emitting wavelength is such that the substrate is transparent.
For GaAs or AlGaAs quantum wells, substrate emission can be obtained
by using AlGaAs as the substrate (Evans et al., 1989). A high reflect coating
can be obtained on the grating surface by applying a gold coating over the
Si 3 N 4 , as discussed in Section III, directing most of the emission through
the substrate.
Figure 45(a) shows a segment of the Y-guide pattern in a gain section
after removal of the p-cladding (by ion beam-etching) and before fabrication
of the submicron grating (period -2500 A). An expanded view showing
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Fig_ 45. Scanning electron micrograph view of (a) a Y-coupled gain section prior
to the grating fabrication step; (b) an edge of a Y-coupled ridge; (c) an evanescentcoupled ridge gain section after complete processing; and (d) an end view of the
ridges in a gain section after complete processing.

the edge of a ridge appears in Fig. 45(b) and corresponds to the bright
rectangular region in Fig. 45(a). Portions of a 10-element gain section and
grating region of an evanescent-coupled array after complete processing
are shown in Fig. 45(c). Figure 45(d) is a close-up showing an end view of
two of the ten parallel ridges after complete processing.
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Fig. 45. Continued.

C.

Fabrication of Active Grating GSE Devices

The fabrication of GSE devices with active grating outcouplers such as a
GSE-DFB (Carlson et al., 1991b) or a GSE-MOPA (Carlson et al., 1991a;
Mehuys et al., 1991a) is only slightly different than the process described
above. For these devices, the epitaxial growth is stopped at the grating
layer. For a MOPA device, two different grating periods can be etched as
described above. During regrowth to complete the device structure, care
must be taken to prevent deformation of the grating profile by mass transport
(Ohata et al., 1986; Bhatt et al., 1990). In the lnGaAs/GaAs/ AlGaAs
material system, a GaAs or InGaAs grating layer (with a bandgap transparent to the emission wavelength) provides the largest index step and,
hence, the strongest coupling parameters if all other grating parameters are
the same. Such layers require, however, that the grating layer be completely
etched through the underlying AlGaAs layer to prevent mass transport
(Bour et al., 1991). Alternatively, small amounts of AlAs can be added to
the grating layer to prevent mass transport, with a resulting slight reduction
in grating strength. For the lnGaAsP material system, the grating profile
can be maintained if the regrowth is performed in a H 2 + PH 3 atmosphere
in the presence of a GaAs substrate (Bhatt et al., 1990). Figure 46 shows a
TEM cross section through an active grating GSE device. In this case, the
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Fig. 46. Transmission electron micrograph cross section through an active grating
GSE device.

GaAs grating layer was completely etched through using chlorine-assisted
ion beam-etching before regrowth.

V.
A.

EXPERIMENTAL RESULTS AND DISCUSSION

GSE Oscillator Performance

Figure 47(a) shows a pulsed power current curve of a GSE laser with an
output power of 32 W per surface. This GSE array has 10 ridges in each
of 30 gain sections. The output power was limited by the power supply to
1.9 A per gain section. With just under 60 A input, the device is putting out
32 W from each surface or more than 1 W of total light output per ampere
of drive current. The peak differential quantum efficiency is -47%/ surface.
The FWHM of the central spectral line (centered at 9620 A and shown in
the inset of Fig. 47a at 10, 20, and 30 W), increases from 1.1 A to 3.5 A.
This array had a high differential series resistance of about 9 n per gain
section, and as a result the cw P-1 curve (Fig. 47(b)) was rolling over at
about 3.4 W, and the differential quantum efficiency peaked at about 30%
per surface at less than 2 W output power per surface.
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Fig. 47. (a) Power-current curve of a 10 x 30 GSE array operating with 100 ns
pulses, 10kHz repetition rate, and at a coolant temperature of -2.8°C; (b) cw
power-current curve for the same device at -2.8°C. The longitudinal aperture of
the array is 1.83 em.

'Grating-Outcoupled Surface Emitting Semiconductor Lasers

187

The power-current curves in Fig. 48 show the effect that the grating period
has on the threshold current density. In Fig. 48(a), the grating period resulted
in the GSE array emitting at a wavelength of 9600 A, which is a shift of
about 350 A to the short wavelength side of the emission wavelength
( -9950 A) of conventional cleaved-facet lasers made from the same
material. Although such GSEs put out several watts of cw power with, in
this case, 21 gain sections, the threshold current density was about
1.3 kA/ cm 2 • For cw operation, this device had an average differential quantum efficiency of 30% per surface, an average power conversion efficiency
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Fig. 48. (a) Power-current curve of a 10 x 21 GSE array operating cw with a grating
period forcing emission on the short wavelength side of the photoluminescence
peak. The coolant temperature is - 3.7°C. The total aperture of the array is 1.29 em.
(b) Power-current curve of a 10 x 26 GSE array operating cw with a grating period
forcing emission on the long wavelength side of the photoluminescence peak which
results in a significantly lower threshold current. The coolant temperature is -0.4°C.
The longitudinal aperture of the array is 1.59 em.
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of 7.3% per surface, and a differential series resistance of 2.8 .n. As shown
in Fig. 48(b ), by only adjusting the grating period so that the emission
wavelength of the GSE array (AGsE = 9760 A) more closely coincided with
that of cleaved-facet lasers from the same material (AFP = 9750 A), the
threshold current was reduced from 160 rnA per gain pad to 24 rnA per gain
pad, corresponding to about 166 A/ cm2 • By choosing the grating period so
that emission occurs about 100 to 150 A to the long wavelength side of the
quantum-well photoluminescence peak (where the band to band absorption
is significantly reduced), threshold current densities of just under 140 A/ cm2
have been obtained for GSE arrays.

1.

Improvements in Lateral Mode Control

One of the major remaining challenges in the coupled oscillator GSE
approach is to maintain single-mode operation in a narrow linewidth at
higher drive currents above threshold (or at higher optical output levels).
A limiting factor on being able to operate 10 x N arrays at high drive
currents relative to threshold are the complications added by multiple lateral
modes. By reducing the number of elements (ridges) in each gain section
from ten to one, operation at over eight times threshold in a single longitudinal mode (with a 36-MHz linewidth) has been achieved (Carlson et al.,
1990c).
To improve performance of 10-element-wide GSE arrays, mode selective
geometries such as Talbot imaging (Dupuy et al., 1992) or ridges in the
grating regions (Evans et al., 1991) have been used. In the latter case, an
additional ridge-etch is performed in the grating regions after the grating
fabrication step. The height of the ridges in the grating regions are about
400 A and result in a lateral index step of about 5 x 1o- 3 • The power-current
curve of such a GSE array with 20 gain sections pumped with equal currents
is shown in Fig. 49. The differential quantum efficiency for this array was
25% per surface. The currents to this array (listed in Table V) could be
adjusted to provide a spectrum with a 38 MHz linewidth (Fig. 50) at 2.2
times threshold. The far-field, also corresponding to operation at 2.2 times
threshold, is shown in Fig. 51. The device contained 30 gain sections, but
only an inner group of 20 gain sections were pumped. The central portion
of the near-field, showing emission from 16 gratings, and operating with
the drive currents listed in Table V is shown in Fig. 52.
The operation of GSE devices in a single lateral and longitudinal mode
resulted in the first semiconductor laser arrays to demonstrate temporal
stability (Felisky et al., 1991). Generally, semiconductor laser arrays produce
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Fig. 49. cw power-current curve of a 10 x 20 GSE array (24710 #23) at a coolant
temperature of 2.0°C. This array had ridges to provide index guiding in the grating
regions. The differential quantum efficiency is 25% per surface.

a time-varying output consisting of irregular and even chaotic pulsations,
in part due to the beating and mixing of multiple lateral and/ or longitudinal
modes (Wilson et al., 1991).
2.

Talbot Plane Coupling

Another approach to lateral coupling makes use of the imaging properties
of evenly spaced gain elements. Because the output at the end of the gain
~
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"iii
c
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>
~

a;
a:

Frequency

Fig. 50. Measurements of the cw spectrum of a 10x20 GSE array (24710 #23,
Fig. 48) operating at 2.2 J,h using a scanning Fabry-Perot interferometer, operating
at the drive currents listed in Table II.
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-0.1 Degrees

Far Field Angle

Fig. 51. Far-field of a 10 x 20 GSE array (24710 #23, Fig. 48) operating at 2.2 J,h
operating at the drive currents listed in Table II.

sections forms a periodic pattern in the lateral direction, an image of the
output occurs at multiple planes located at (Firester et al., 1972; Leger et
al., 1988)
z=2pd2/ Am,

p = 1, 2, 3, ... ,

(33)

in the Fresnel region where p is an integer, Am is the lasing wavelength in
the medium, and d is the separation between elements. These planes are
sometimes referred to as Talbot planes. For some choices of parameters,
Table V
Gain Section Drive Currents for Device 24710 #23 used
to Obtain a 38 MHz Linewidth (Fig. 50)
Gain
Section
1
2
3
4
5
6
7
8
9
10

Current
(rnA)
101
104
76.5
73.5
76
54.5
103.5
92.5
99.5
103

Gain
Section
11
12
13
14
15
16
17
18
19
20

Current
(rnA)
107
91
73
103
106.5
78
49
74
69.5
105
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Longitudinal Distance

Fig. 52. The central portion of the near-field showing emission from 16 gratings
of a 10 x 20 GSE array (24710 #23, Fig. 48) operating at 2.2 I,h operating at the
drive currents listed in Table II.

the locations of the Talbot planes can coincide to the gain section spacing
(Evans et al., 1989; Wilcox et al., 1989). When this occurs, each point of
the re-imaged periodic pattern is a mixture of the peaks of the output from
the original periodic pattern. From these considerations, appropriate choice
of the grating section length and the lateral element spacing can provide
improved lateral coupling between injection-coupled gain sections. The use
of filters formed by etching holes at sub-Talbot planes, as shown in Fig.
53, has been demonstrated to increase lateral mode discrimination by
blocking all but one of the array supermodes (Dupuy et al., 1992). Since
each supermode has different phase distributions, the filters can be shifted
to select either the fundamental (in phase) or the highest-order (out-ofphase) mode, as shown in Fig. 54.
3.

Output from Multiple Columns

As discussed earlier and illustrated in Figs. 8, 9, and 10, multiple columns
of GSE arrays can be coherently coupled with monolithic corner-turning
mirrors or with external optics. Using prism facets at 45° to couple adjacent
GSE columns (Carlson et al., 1990f) as shown in Fig. 10, two-dimensional
far-field patterns corresponding to different phases between emitting grating
regions were obtained. Figures 55 and 56 indicate the relative phases of the
emitting regions and the resulting far-field patterns. Each of the far-field
patterns has a well-defined periodic structure in both the lateral and longitudinal directions, indicating a substantial amount of coherence. Spectral
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(a)
Periodic Array
of Emitters

Talbot Filters D

(b)

Fig. 53. (a) Sketch of the Talbot filter concept and (b) a scanning electron micrograph of a section from a fabricated device showing the 10 emitters and the first
set of Talbot filters. The filters are placed at half multiples of the Talbot distance
4 (where Z,.=2d~cneff/Ao)-

data were obtained for each of the free-running array columns (Fig. 57(a,b))
and for the coupled array when injection-locked (Fig. 57( c)) in the pattern
shown in Fig. 56. In Figs. 57(a) and 57(b), each array column is operating
at the same current level as was used to obtain coherent injection of the
coupled arrays, but the coupling prism is removed. The wavelength deviation
of the modes of the free-running arrays is within 1 A of that of the injectionlocked prism-coupled array. The power output of the locked columns array
(91 m W) was slightly greater than the sum of the power outputs (34m W +
49 m W = 83 m W) from the free-running columns at the same drive currents.
The power-current curve of Fig. 58 sh.ows the power output corresponding
to a GSE ring array (Fig. 8) of 200 elements (Liew, et al., 1991b). The
characteristic two-dimensional far-field pattern shown in Fig. 59 shows
excellent depth of modulation of the visibility in both the lateral and
longitudinal directions. Operating near twice threshold, such ring arrays
have exhibited an average spatial coherence of 86%, narrow linewidths of
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Fig. 55. Two-dimensional picture of the far-field pattern of the injection-locked
prism-coupled GSE arrays shown at 91 mW output power. The checkerboard-typepattern implies out-of-phase emission for adjacent DBR sections along the lateral
and longitudinal directions in the array_

28 MHz, and far-field fringe visibilities of 80% (perpendicular to the array
columns) and 88% (parallel to the array columns) (Liew et al., 1991b). The
mode of the ring array generally remains stable for several hours without
adjustment with respect to drive current fluctuations and environmental
variations, while that of column or serpentine arrays are stable for only
several tens of minutes, suggesting that GSE ring architectures are more
robust.
By coupling multiple columns of GSE arrays, any desired beam aspect
ratio can be achieved. The fill factor of the GSE emitting aperture can be
made equivalent to 100% with a lenticular array to provide a single peak
in the far-field with low side-lobes.

4.

Effects of Temperature

Figure 60 is included to show the dependence of differential quantum
efficiency and output power for a GSE oscillator array on heatsink tern-
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Fig. 56. Two-dimensional picture of the far-field pattern of another pair of injection-locked prism-coupled GSE arrays shown at 80 mW output power. This far-field
pattern corresponds to out-of-phase emission for DBR sections adjacent in the
lateral direction and in-phase emission for DBR sections that are adjacent to each
other in the longitudinal direction.

perature. While there can be a 25% drop in the output power as the coolant
temperature increases from 0° to 20°C, the differential quantum efficiency
changes by only about 13%.
5.

Modulation of GSE Oscillator Arrays

One of the applications envisioned for coherent, high-power grating-surfaceemitting (GSE) laser arrays is use as transmitters in free-space coherent
communication systems. This application requires that the far-field pattern
remain stable during modulation. The electronic beam-scattering that can
occur in GSE laser arrays would be undesirable since it would move the
transmitter beam off of the detector. Experimental and theoretical studies
have demonstrated a set of operating conditions that provide simultaneous
spectral and spatial mode stability under GHz modulation rate operation,
eliminating beam-steering during modulation (Carlson et al., 1990d). Also,
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Fig. 57. Spectral outputs and power outputs (a) of column 1, freerunning, (b) of
column 2, freerunning, and (c) of both columns injection-locked under the conditions
that produced the far-field shown in Fig. 56.

measurements of the modulation bandwidth (Carlson et al., 1990c) and
direct modulation characteristics (Carlson et al., 1990e) have also been done.
In experiments that measure beam stability under modulation, single and
multi element GSE lasers were operated with a de bias and were modulated
at GHZ frequencies while simultaneous spectral and far-field measurements
were made (Carlson et al., 1990d). The GSE laser arrays were similar to
those reported to have demonstrated single-mode operation with spectral
linewidths as narrow as 290kHz (Carlson et al., 1990b). Figure 61 shows
the simultaneous measurements of far-field and spectral output at the de
bias operating point and at three different power levels of a 1.25 GHz
sinewave signal that was used to modulate a three-element GSE laser that
was biased to operate in a single longitudinal mode. The spectral measurements were made with a 7.5 GHz free spectral range Fabry-Perot inter-

197

Grating-Outcoupled Surface Emitting Semiconductor Lasers
1.5-r-----------r---.so

1Ox1 Ox2 ring array
40

E
1.0

...

Q)

3:

0

c..

20

w
0
0

0.5
10
24410 #7,8

M
0

50

100

150

200

250

0
300

Current per Pad (rnA)

Fig. 58. Power-current characteristics and differential quantum efficiency ( 7Jdqe)
of a 10 x 10 x 2 GSE ring laser array (Fig. 8).

ferometer, and show that this laser is operating in a single longitudinal
mode at the de bias point corresponding to 12 mW. Direct FM modulation
was observed with almost no change in the far-field pattern from that
measured in the de case. The full-width half-maximum of the far-field
angular divergence (in Fig. 61) of 0.03° is instrument-limited, so the actual
far-field angular divergence is narrower. In the power spectra measurements,
there is an increasing asymmetry that appears in the sidebands as the
modulation level is increased. This indicates that the phase difference
between the FM and AM components of the optical field is changing
(Kobayashi et a/., 1982). Also, at an rf modulation power of +5 dBm or
more the array is no longer operating in a single longitudinal mode as
evidenced by the additional structure that appears in the central region of
the power spectrum. Even though the array is no longer operating in a
single spectral mode, the time-averaged far-field pattern shows only a 5%
reduction in the peak intensity of the dominant lobe and essentially no
change in the visibility or angular divergence of the lobes. No broadening
of the carrier or modulation sidebands is observed in these power spectra
measurements. However, at modulation power levels of about + 12 dBm or
more, broadening of the carrier and sidebands became noticeable, and at
+ 15 dBm the power spectrum was too broad to be resolved by the FabryPerot interferometer. In spite of this severe spectral instability, the timeaveraged far-field peak intensity was reduced only by about 40% and the
fringe visibility dropped to only 58%.
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Fig. 59. (a) Image of part of the two-dimensional far-field pattern of a 10 x 10 x 2
GSE array showing two-dimensional structure; (b) video trace of the far-field in
the direction perpendicular to the two columns.

The conditions under which it is possible to modulate a GSE array while
maintaining spectral and spatial mode stability are expected to be those
that result in uniform field distributions in the gain sections, because the
mode that produces the most uniform saturation of the gain distribution
across the array will have the maximum discrimination against other modes.
Additionally, if the current distribution to the gain sections of the array is
varied in a symmetric fashion with respect to the center of the array, it is
possible to tune the operating frequency without introducing a near-field
wavefront tilt that would steer the far-field beam. A calculation is shown
in Fig. 62 where the far-field of a three-element array (with uniform power
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Fig. 60. Differential quantum efficiency and output power at a drive current of
300 rnA per gain section as a function of coolant temperature for a 10 x 16 GSE array.

distribution to the gain sections) operating at 1.5 times threshold is shown.
The solid trace is the far-field pattern calculated when the unsaturated gain
to each active section is the same, and the dotted trace is the calculated
far-field when the unsaturated gain to the center section is increased (in a
quasi-static manner) by 12% and the unsaturated gain to the end sections
was fixed. The total power output changed by only about 5%. This symmetric
change of the unsaturated gain distribution of the array is equivalent to
changing the current to the center gain section while the currents to the
end gain sections are held fixed. No beam-steering occurs, but there is a
change in the relative intensities of the side lobes and the peak intensity of
the dominant lobe decreases by about 18%. These quasi-static calculations
show that the spatial mode of a GSE array (operating above threshold in
a single longitudinal mode) is stable with respect to small symmetric current
changes to the gain sections. In order to calculate the amplitude and
frequency responses under dynamic conditions, it is necessary to do a small
signal analysis (Lang and Yariv, 1985).
B.

GSE-MOPA Performance

The power-scaling properties of cascaded GSE-MOPA arrays have been
demonstrated under both pulsed (Carlson et al., 1990a; Welch et al., 1990;
Mehuys et al., 1991b) and cw operating conditions (Carlson et al., 1991a).
Under cw operation, power outputs as high as 300 mW with spectral

G. A. Evans et al.

200

,-----'P'--oF=w~er~S~pef=c=t=ra'r-1 DC
7.5 GHz

+5dBm
r:

0.5

,,li

C:85%
8 0.03°

=

\llul\v·
u

0.00 0.19 0.38 0.58 0.77 0.96

1::

I

I~ l'i

o'J

Frequency

Angle (Deg.)

Fig. 61. Simultaneous measurement of the far-field and spectral outputs of a
coherent three-element linear GSE laser array as a function of the 1 GHz modulation
level applied to the center gain section. The contrast of the far field pattern is given
by

c.

linewidths of 135 MHz have been demonstrated (Carlson et al., 1991a).
Figure 63 shows the peak power as a function of total amplifier current to
nine amplifiers driven in parallel. A maximum peak power of 1.2 W with
67% slope efficiency was achieved (Mehuys et al., 1991b). This high slope
efficiency was possible because a superlattice reflector was incorporated in
the substrate increasing the grating output coupling into air.
The spectral control, under pulsed operation, provided by the oscillator
is shown in Fig. 64 for the same nine-element amplifier array. With no input
from the oscillator, the spectral output of the amplifiers resembles a multimode laser (Fig. 64a) because of the Bragg grating before the first amplifier.
However, when the oscillator is driven above threshold, the spectral output
of the amplifiers (Fig. 64(c)) is seen to correspond to that of the single-mode
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Fig. 64. (a) Spectral output of free-running amplifiers, (b) spectral output of
oscillator with amplifiers operating, (c) spectral output of ninth amplifier with
oscillator operating, and (d) spectral output of oscillator alone without amplifiers
operating {Mehuys et al., 1991b) (© 1991 IEEE).

oscillator (Fig. 64(b)), and single-mode operation of the oscillator is preserved when the amplifiers are operated.
The cascaded GSE-MOPA array is a multiple emitter device and can
have random phase variations between separate grating outcoupling
elements as do GSE coupled-oscillator arrays. As current to the amplifiers
is increased to provide higher power outputs, the gain saturates so that
phase tuning, using the amplifier currents, is no longer possible. This
contributes to the degradation of the far-field pattern as illustrated in Fig.
65. One solution to phase variations, although it doubles the number of
independently controlled electrodes, is to add a small phase tuning section
that operates in the vicinity of transparency, providing independent phase
control for each amplifier section.
An alternate approach to controlling the phase variation, attractive
because of the reduced number of electrodes, is to make one long, continuous
active grating as discussed in Section III. The active grating GSE-MOPA
has been demonstrated under pulsed operation with peak powers of 370mW
for a 5 mm-long amplifier section (Mehuys et al., 1991a). The corresponding
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Fig. 65. Far-field pattern of cascaded GSE-MOPA array with eight amplifiers
showing degradation at higher output power levels (Mehuys et al., 1991b) (© 1991
IEEE).

near-diffraction-limited far-field is shown in Fig. 66. As discussed in Section
IIIB, power outputs of 2-4 W are projected for amplifiers that are -1 em
long.

VI.

CONCLUSION

Figure 67 illustrates the progress made with GSE oscillator arrays over the
last five years. The output power (Fig. 67(a)) grew exponentially for both
pulsed and cw operation to over 30 W pulsed and 3.5 W cw. This trend of
exponential growth in output power is expected to be maintained for
applications that do not require highly coherent power. One of the keys to
achieving multiwatt cw performance from GSE arrays was the reduction
of the threshold current density (Fig. 67(c)) from the 10 kA/cm 2 range to
about 100 A/ cm 2 • The other contribution to high cw power was the improvement in efficiency, shown in Fig. 67(b ). The maximum quantum efficiencies
of 45-48%/surface of GSE oscillator arrays equaled the maximum values
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per facet that were measured from broad-area edge-emitting lasers from
the same material. Figure 67(d) shows an exponential decrease in linewidth
with time over the last several years for GSE oscillator arrays. Since the
longitudinal and lateral mode spacings of GSE arrays are calculated to be
a few GHz, measured linewidths below 100 MHz correspond to highly
coherent arrays. The last several points shown are for GSE arrays with 200
coupled elements operating near twice threshold.
Coherent operation of two-dimensional GSE oscillator arrays at much
higher power levels may be achieved using several approaches including
increased wafer uniformity (producing increased mode discrimination),
GSE designs insensitive to fabrication tolerances, improved fabrication
techniques to reduce tolerances, and more stable array architectures.
Similarly, increased wafer uniformity, improved fabrication techniques, and
imaginative designs will result in coherent operation ofGSE MOPA devices
with several watts of output power.
Advances in packaging and cooling technologies will similarly contribute
to the progress in the development of GSE and other semiconductor laser
devices. The availability oflow-cost synthetic diamond heatsinks along with
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microchannel coolers are two such examples that allow considering the
scaling ofGSE devices towards emitting and active areas on the order 1 cm 2 ,
with expected cw output powers of many tens if not hundreds of watts.
Improvements in the efficiency of several material systems such as
InGaAlP and InGaAsSb/lnPSb will result in new families of GSE devices
in the visible (0.6-0.8 ~J.m) and the infrared (at wavelengths of 2 ILm and
beyond).
The final challenge in both the coupled oscillator and the MOPA GSE
approaches is to obtain high beam quality at high power. Fill optics (Leger
et al., 1988, and the techniques discussed in Chapter 8, section 8.3.4) can
compensate for a less than unity fill factor (the ratio of emitting surface to
the total aperture) to provide most of the power in a central lobe. But in
either configuration, even a narrow linewidth single mode with 100% spatial
and temporal coherence can produce a less than acceptable far-field pattern
if the GSE surface is not smooth and optically flat. Although phase-conjugate
optics could in principle compensate for surface variations, the present
research directed at the growth and control of single atomic layers along
with the development of improved microfabrication techniques offer the
promise of directly providing the desired optical flatness in GSE surfaces.

ACKNOWLEDGMENTS
The authors would like to thank numerous colleagues for their sustained
support, contributions, and encouragement relating to GSE laser development over the last five or six years. At the David Sarnoff Research Center,
they include Joe Abeles, Bob Amantea, Bob Bartolini, Tom Bibby, David
Bour, Don Channin, John Connolly, Nancy Hughes, Chuck Dupuy, Mike
Ettenberg, Rob Farkas, Pete Gardner, Norman Goldsmith, Aly Fathy, Dean
Gilbert, Maria Harvey, Frank Hawrylo, Ed James, Ernie James, Jay Kirk,
Richard Lai, Hao Lee, So Kuen Liew, Mike Lurie, Ray Martinelli, Ray
Menna, Yegna Narayan, Steve Palfrey, Wally Reichert, Arye Rosen, Paul
Stabile, Dennis Truxal, and Pam York. We also would like to thank Steve
Chinn, Mike Finlan, Dick Shealy, and Peter Zory who contributed to the
GSE effort at Sarnoff while they were at General Electric. Christine Wang,
Hong Choi, and Jim Walpole at MIT Lincoln Laboratories and Chris Schaus
and Ms. Sun of the University of New Mexico contributed to our supply
of laser material for GSE devices. Rick DeFreez, Dave Bossert, Mark
Felisky, H. Ximen, Geoff Wilson, John Hunt and Peter Carleson at the
Oregon Graduate Institute assisted with GSE device characterization and

208

G. A. Evans et al.

focused-ion-beam micromachining. Warren Ferguson, R. G. N. Ayekavadi,
and C. S. Yeh at Southern Methodist University helped to develop a grating
theory to aid in the design and prediction of GSE device performance.
During this time, the GSE effort at Sarnoff was primarily supported by the
Air Force Phillips Laboratory with additional support from Wright Patterson
AFB, NASA Langley, and other governmental agencies.

REFERENCES
ABBAS, G. L., YANG, S., CHAN, V. W. S. AND FUJIMOTO, J. G. (1987). "Injection
behavior of high-power broad-area diode lasers," Opt. Lett., 12, 8, 605-607.
AGRAWAL, G. P. AND DUTTA, N. K. (1986). Long-Wavelength Semiconductor
Lasers, Van Nostrand Reinhold Company, Inc.
AHN, D. AND CHUANG, S. (1990). "Optical gain and gain suppression of quantumwelllasers with valence band mixing," IEEE J. Quantum Electron., 26, 1, 13-24.
ALFEROV, ZH., 1., ANDREYEV, V. M., GUREVICH, S. A., KAZARINOV, R. F.,
LARIONOV, V. R., MIZEROV, M. N. AND PORTNOY, E. L. (1975). "Semiconductor lasers with the light output through the diffraction grating on the surface of
the waveguide layer," IEEE J. Quantum Electron. QE-11, 7, 449-451.
AMANTEA, R., PALFREY, S. L. AND CARLSON, N. W. (1989). "A network model
for two-dimensional coupled laser arrays," Opt. Lett., 30, 30-32.
AMANTEA, R., CARLSON, N. W., PALFREY, S. L., EVANS, G. A., HAMMER,
J. M. AND LURIE, M. (1990). "Network analysis of the modes of two-dimensional
grating-surface-emitting diode laser arrays," IEEE J. Quantum Electron. 26, 10231038.
ANDREWS, J. T., VANGIESON, E., ENSTROM, R., APPERT, J., KIRK, J. B. AND
CARLSON, N. W. (1991). "Buried grating distributed feedback laser at 1 =
1.51 J.Lm," Proceedings of third international conference on indium phosphide and
related materials, April 8-11, Cardiff, Wales, U.K., 106-109.
BHATT, R., KOZA, M.A., ZAH, C. E. CANEAU, C., CHANG, C. C., SCHWARZ, S.
A., GOZDZ, Z. S., LIN, P. S.D. AND YI-YAN, A. (1990). "A novel technique for
the preservation of gratings in InP and InGaAsP and for the simultaneous
preservation of lnP, InGaAs, and InGaAsP in MOCVD," Proceedings of the Fifth
International Conference on Meta/organic Vapor Phase Epitaxy and Workshop on
MOMBE, CBE, GSMBE, and Related Techniques, 871-877.
BOGATOV, A. P., ELISEEV, P. G., MANKO, M.A., MIKAELYAN, G. T. AND POPOV,
Y. M. (1980). "Injection laser with an unstable resonator," Sov. J. Quantum
Electron. 10, 5, 620-622.
BOSSERT, D. J., DEFREEZ, R. K., XIMEN, H., ELLIOT, R. A., HUNT, J. M.,
WILSON, G. A., ORLOFF, J., CARLSON, N. W., EVANS, G. A., LURIE, M.

Grating-Outcoupled Surface Emitting Semiconductor Lasers

209

HAMMER, J. M., PALFREY, S. L. AND AMANTEA, R., (1990). "Grating surface
emitting lasers in a ring configuration," Appl. Phys. Lett. 56, 21, 2068-2070.
BOUR, D. P., CARLSON, N. W., EVANS, G. A., LIEW, S. K., KIRK, J. B. AND
REICHERT, W. F., (1991). "Surface-emitting, distributed feedback
InGaAs/ AlGaAs lasers by organometallic vapor phase epitaxy," J. of Appl. Phys.
70, 9, 4687-4693.
BRILLOUIN, L., Wave Propagation in Periodic Structures, Dover Publications, New
York, 1953.
BROBERG, B. AND NILSSON, S. (1988). "Widely tunable active Bragg reflector
integrated lasers in InGaAsP-InP," Appl. Phys. Lett. 52, 1285-1287.
BURNHAM, R. D., SCIFRES, D. R. AND STRIEFER, W. (1975). "Single heterostructure distributed-feedback GaAs diode lasers," IEEE J. Quantum Electron. QE-11,
7, 439-457.
BUTLER,J. K., EVANS, G. A. AND CARLSON, N. W. (1989). "Nonlinear characterization of modal gain and effective index saturation in channelled-substrate-planar
double heterojunction lasers," IEEE J. Quantum Electron. 25, 7, 1646-1652.
BUTLER, J. K., FERGUSON, W. E., EVANS, G. A., STABILE, P. AND ROSEN, A.
(1992). "A boundary element technique applied to the analysis of waveguides
with periodic surface corrugations," IEEE J. Quantum Electron. 28, 7, 1701-1709.
CARLSON, N. W., EVANS, G. A., HAMMER, J. M., LURIE, M., CARR, L.A.,
HA WRYLO, F. Z., JAMES, E. A., KAISER, C. J., KIRK, J. B., REICHERT, W. F.
AND TRUXAL, D. A. (1988a). "A high power seven element grating surface
emitting diode laser array with 0.012° far-field angle," Appl. Phys. Lett. 52, 12,
939-941.
CARLSON, N. W., EVANS, G. A., AMANTEA, R., PALFREY, S. L., HAMMER, J.
M., LURIE, M., CARR, L.A., HAWRYLO, F. Z., JAMES, E. A., KAISER, C. J.,
KIRK, J. B. AND REICHERT, W. F. (1988b). "Demonstration of electronic beam
steering in monolithic grating surface emitting diode laser arrays," Appl. Phys.
Lett. 53, 23, 2275-2277.
CARLSON, N. W., ABELES, J. H., BOUR, D. P., LIEW, S. K., REICHERT, W. F.,
LIN, A. S. AND GozDz, P. S. D. (1990a). "Demonstration of a monolithic,
grating-surface-emitting laser master-oscillator-cascaded power amplifier array,"
IEEE Photon. Techno/. Lett. 2, October, pp. 708-710.
CARLSON, N. W., BOUR, D.P., EVANS, G. A. AND LIEW, S. K. (1990b). "Spectral
linewidth narrowing in monolithic grating-surface-emitting laser arrays," IEEE
Photon. Techno/. Lett. 2, 4, 242-243.
CARLSON, N. W., BOUR, D.P., EVANS, G. A., AMANTEA, R., STABILE, P. J. AND
LIEW, S. K. (1990c). "CW operating characteristics and modulation properties
of single mode grating-surface-emitting laser arrays," Conference on Lasers and
Electro-Optics, Technical Digest, p. 430, paper CThJ2.
CARLSON, N. W., BOUR, D.P., EVANS, G. A., AMANTEA, R. AND LIEW, S. K.
(1990d). "Stable single mode operation of grating-surface-emitting laser arrays
under frequency-modulated operation," Appl. Phys. Lett. 57, 8, 756-758.

210

G. A. Evans et al.

CARLSON, N. W., PATTERSON, D. R., STABILE, P. J., LIEW, S. K., BOUR, D. P.
AND EvANS, G. A. (1990e). "Demonstration of digital pulse modulation of a
grating-surface-emitting diode laser," Electron. Lett. 26, 20, 1695-1696.
CARLSON, N. W., EVANS, G. A., LURIE, M., HAMMER, J. M., KAISER, C. J. AND
LIEW, S. K. (1990f). "Coherent operation of injection-locked prism-coupled
grating surface emitting arrays," Appl. Phys. Lett. 56, 2, 114-116.
CARLSON, N. W., AMANTEA, R., EVANS, G. A., BOUR, D.P. AND LIEW, S. K.
(1990g). "Applications of surface emitting lasers to coherent communications
systems," LEOS '90 Conference Proceedings, MA, 406-409.
CARLSON, N. W., LIEW, S. K., EVANS, G. A., BOUR, D.P., ABELES, J. H. AND
AMANTEA, R. (1991a). "CW operating characteristics of grating-surface-emitting
master oscillator power amplifier laser arrays," Conference on Lasers and ElectroOptics, Technical Digest, 250-251.
CARLSON, N. W., LIEW, S. K., AMANTEA, R., BOUR, D.P., EVANS, G. A. AND
VANGIESON, E. (1991 b). "Mode discrimination in undistributed feedback grating
surface emitting lasers containing a buried second order grating," IEEE J. Quantum Electron. 27, 6, 1746-1751.
CASEY, H. C. AND PANISH, M. B. (1978). Heterostructure Lasers, Part A and Part
B, Academic Press, New York.
CRAIG, R. R., CASPERSON, L. W., STAFSUD, 0. M., YANG, J. J. J., EVANS,
G. A. AND DAVIDHEISER, R. D. (1985). "Etched mirror unstable-resonator
semiconductor lasers," Electron. Lett. 21, 2, 62-63.
DEFREEZ, R. K., PURETZ, J., ELLIOT, R. A., CROW, G. A., XIMEN, H., BOSSERT,
D. J., WILSON, G. A. AND ORLOFF, J. (1989). "Focused-ion-beam micromachined
diode laser mirrors," SPIE Laser Diode Technology and Applications, Vol. 1043.
DEFREEZ, R. K., XIMEN, H., BOSSERT, D. J., HUNT, J. M., WILSON, G. A.,
ELLIOT, R. A., ORLOFF, J., EVANS, G. A., CARLSON, N. W., LURIE, M.,
HAMMER, J. M., PALFREY, S. L. AND AMANTEA, R. (1990). "Spectral locking
in an extended area two-dimensional coherent grating-surface-emitting laser
array," IEEE Photon. Techno/. Lett. 2, 1, 6-8.
DUPUY, C., G., LURIE, M., HAMMER, J. M., EVANS, G. A. AND DEFREEZ,
R. K. (1992). "Lateral mode control of grating surface emitting laser diode arrays
by monolithic talbot filtering," IEEE J. Quantum Electron. 28, 5, 1305-1309.
EISENSTEIN, G., TESSLER, N., KOREN, U., WIESENFELD, J. M., RAYBON, G.
AND BURRUS, C. A. (1990). "Length dependence of the saturation characteristics
in 1.5 J.Lm multiple quantum well optical amplifiers," IEEE Photon. Techno/. Lett.
2, 790-791.
EVANS, G. A., GARMIRE, E. M., STOLL, H. H., OSMER, J. A., SOADY, W. E.,
LEE, A. B. AND ZIEGLER, M. P. (1981). "Progress toward a monolithically
integrated coherent diode laser array," Air Force Systems Command, Report
SD-TR-81-7.
EVANS, G. A., HAMMER, J. M., CARLSON, N. W., ELIA, G. R., JAMES, E. A.
AND KIRK, J. B. (1986). "Surface-emitting second order distributed Bragg reflector
laser with dynamic wavelength stabilization and far-field angle of 0.25°," Appl.
Phys. Lett. 49(6), 314-315.

Grating-Outcoupled Surface Emitting Semiconductor Lasers

211

EVANS, G. A., CARLSON, N. W., HAMMER, J. M., LURIE, M., BUTLER, J. K.,
CARR, L. A., HAWRYLO, F. Z., JAMES, E. A., KAISER, C. J., KIRK, J. B.,
REICHERT, W. F., CHINN, S. R., SHEALY, J. R. AND ZORY, P. S. (1988a).
"Efficient, high power (> 150 mW) grating surface emitting lasers," Appl. Phys.
Lett. 52, 13, 1037-1039.
EVANS, G. A., CARLSON, N. W., HAMMER, J. M., LURIE, M., BUTLER, J. K.,
PALFREY, S. L., AMANTEA, R., CARR, L.A., HAWRYLO, F. Z., JAMES, E. A.,
KAISER, C. J., KIRK, J. B., REICHERT, W. F., CHINN, S. R., SHEALY, J. R.
AND ZORY, P. S. (1988b )." Coherent, monolithic two dimensional (10 x 10) laser
arrays using grating coupling," Appl. Phys. Lett. 53, 22, 2123-2125.
EVANS, G. A., CARLSON, N. W., HAMMER, J. M., LURIE, M., BUTLER, J. K.,
PALFREY, S. L., AMANTEA, R., CARR, L.A., HAWRYLO, F. Z., JAMES, E. A.,
KAISER, C. J., KIRK, J. B. AND REICHERT, W. F. (1989). "Two-dimensional
coherent laser arrays using grating surface emission," IEEE J. Quantum Electron.
25, 6, 1525-1538.
EVANS, G. A., CARLSON, N. W., BOUR, D. B., HAMMER, J. M., LURIE, M.,
BUTLER, J. K., LIEW, S. K., KIRK, J. B. AND REICHERT, W. F. (1990a).
"Two-dimensional grating surface emitting laser arrays with wide lateral extent,"
Electron. Lett. 26, 13, 907-908.
EVANS, G. A., CARLSON, N. W., BOUR, D.P., AMANTEA, R., BUTLER, J. K.,
LURIE, M., HAMMER, J. M., LIEW, S. K., DEFREEZ, R. K., XIMEN, H.,
BOSSERT, D. J., ELLIOT, R. A. AND HUNT, J. M. (1990b). "An experimental
study of the operation of a coherent two-dimensional grating-surface-emitting
ring laser array," Conference on Lasers and Electro-Optics, Technical Digest, p.
430, paper CThJ3.
EVANS, G. A., BOUR, D. P., CARLSON, N. W., AMANTEA, R., HAMMER, J. M.,
LEE, H., FARKAS, R., KIRK, J. B., LIEW, S. K., REICHERT, W. F., LAI, R.,
PELKA, P., WANG, C. A., CHOI, H. K., WALPOLE, J. N., BUTLER, J. K. AND
FERGUSON, W. E. (1991). "Characteristics of coherent two-dimensional grating
surface emitting diode laser arrays during cw operation," IEEE J. Quantum
Electron. 27 6, 1594-1608.
FELISKY, M., DEFREEZ, R. K., WILSON, G. A., EVANS, G. A., CARLSON, N. W.,
LIEW, S. K., AMANTEA, R., ABELES, J., WANG, C. A., CHOI, H. K., WALPOLE,
J. N. AND WINFUL, H. G. (1991). "Dynamics of cw grating-surface-emitting
laser arrays," Technical Digest, CLEO, Baltimore, MD, Paper CWE6.
FIRESTER, A. H., Fox, E. C., GAYESKI, T., HANNAN, W. J. AND LURIE, M.
(1972). "Redundant holograms," RCA Review, 33, 1, 131-153.
HADJICOSTAS, G., BUTLER, J. K., EVANS, G. A., CARLSON, N. W. AND
AMANTEA, R. (1990). "A numerical investigation of wave interactions in dielectric
waveguides with periodic surface corrugations," IEEE J. Quantum Electron. 26,
5, 893-902.
HAMMER, J. M., NEIL, C. C., CARLSON, N. W., DUFFY, M. T. AND SHAW, J.
M. (1985). "Single-wavelength operation of the hybrid-external Bragg-reflectorwaveguide laser under dynamic conditions," Appl. Phys. Lett. 47, 3, 183-185.
HAMMER, J. M., CARLSON, N. W., EVANS, G. A., LURIE, M., PALFREY, S. L.,

212

G. A. Evans et al.

KAISER, C. J., HARVEY, M. G., JAMES, E. A., KIRK, J. B. AND ELlA, F. R.
(1987). "Phase-locked operation of coupled pairs of grating-surface-emitting diode
laser," Appl. Phys. Lett. 50, 11, 659-661.
HAMMER, J. M., EVANS, G. A., CARLSON, N. W., BOUR, D. P., LURIE, M.,
PALFREY, S. L., AMANTEA, R., LIEW, S. K., CARR, L.A., JAMES, E. A., KIRK,
J. B. AND REICHERT, W. F. (1990). "Lateral beam-steering in mutual injection
coupled Y -branch grating-surface-emitting diode-laser arrays," Appl. Phys. Lett.
56, 3, 224-226.
HANDA, K., PENG, S. P. AND TAMIR, T. (1975). "Improved perturbation analysis
of dielectric gratings," Appl. Phys. 5, 325-328.
HEFLINGER, D., KIRK, J., CORDERO, R. AND EVANS, G. (1981). "Submicron
grating fabrication on GaAs," SPIE Proceedings, 269, 49-54.
HOHIMER, J. P., 0WYOUNG, A. AND HADLEY, G. R. (1985). "Single-channel
injection locking of a diode-laser array with a cw dye laser," Appl. Phys. Lett. 47,
12, 1244-1246.
KAN, Y., HONDA, Y., SUEMUNE, I. AND YAMANISHI, M. (1986). "Electronic
beam deflection in a semiconductor laser diode using grating output coupler,"
Electron. Lett. 22, 24, 1310-1311.
KATZ, J., KAPON, E., LINDSEY, C., MARGALIT, S. AND YARIV, A., (1983).
"Far-field distributions of semiconductor phase-locked arrays with multiple contacts," Electron. Lett. 19, 17, 660-662.
KATZIR, A., LIVANOS, A. C., SHELLAN, J. B. AND YARIV, A. (1977). "Chirped
gratings in integrated optics," IEEE J. Quantum Electron. QE-13, 4, 296-304.
KoBAYASHI, K. AND I. MITO, (1988). "Single frequency and tunable laser diodes,"
J. Lightwave Techno[. 6, 11, 1623-1633.
KOBAYASHI, S., YAMAMOTO, Y., ITO, M. AND KIMURA, T. (1982). "Direct
frequency modulation in AlGaAs semiconductor lasers," IEEE J. Quantum Electron. 18, 4, 582.
KOCH, T. L., KOREN, U. AND MILLER, B. I. (1988). "High performance tunable
1.5 J.Lm InGaAs/InGaAsP multiple quantum-well distributed Bragg reflector
lasers," Appl. Phys. Lett. 53, 1036-1038.
KOGELNICK, H. AND SHANK, C. V. (1972). "Coupled-wave theory of distributed
feedback lasers," J. Appl. Phys. 43, 5, 2237-2335.
KOJIMA, K., NODA, S., MITSUNAGA, K., KYUMA, K. AND HAMANAKA, K.
(1987). "Continuous wave operation of a surface-emitting A!GaAs/GaAs multiquantum-well distributed Bragg reflector laser," Appl. Phys. Lett. 50, 24, 1705-1710.
KOSONACKY, W. F., CORNELY, R. H. AND HEGYI, I. J. (1968). "Multiple GaAs
injection laser," IEEE J. Quantum Electron. QE-4, 4, 176-179.
KOTAKI, Y. AND ISHIKAWA, H. (1989). "Spectral characteristics of a three-section
wavelength tunable DBR laser," IEEE J. Quantum Electron. 25, 6, 1340-1345.
KOTAKI, Y., MATSUDA, M., ISHIKAWA, H. AND IMAI, H. (1988). "Tunable DBR
laser with wide tuning range," Electron Lett. 24, 8, 503-505.
KREBS, D., HERRICK, R., No, K., HARTING, W., STRUEMPH, F., DRIEMEYER,

Grating-Outcoupled Surface Emitting Semiconductor Lasers

213

D. AND LEVY, J. (1991). "22 W coherent GaAlAs amplifier array with 400
emitters," IEEE Photon. Techno/. Lett. 3, 4, 292-295.
KRESSEL, H. AND BUTLER, J. K. (1977). Semiconductor Lasers and Heterojunction
LEDs, Academic Press, New York.
LANG, R. J. AND YARIV, A. (1985). "Analysis of the dynamic response of multielement semiconductor lasers," IEEE J. Quantum Electron. QE-21, 10, 1683-1688.
LEGER, J. R., SCOTT, M. L. AND VELDKAMP, W. B. (1988). "Coherent addition
of AlGaAs lasers using microlenses and diffractive coupling," Appl. Phys. Lett.
52, 21, 1771-1773.
LIEW, S. K., CARLSON, N. W., AMANTEA, R., BOUR, D.P., EVANS, G. A. AND
VANGIESON, E. (1990). "Operation of distributed-feedback grating surface emitting laser with a buried grating structure," LEOS '90 Conference Proceedings,
Boston MA, 410-411.
LIEW, S. K., EVANS, G. A., CARLSON, N. W., AMANTEA, R., BOUR, D. P.,
BUTLER, J. K., HAMMER, J. M., KIRK, J. B., REICHERT, W. F., STOLZENBERGER, R., WANG, C. A., CHOI, H. K. AND WALPOLE, J. N. (1991a). "Coherent,
cw operation of one- and two-dimensional grating surface emitting semiconductor
lasers," CLEO May 1991.
LIEW, S. K., CARLSON, N. W., EVANS, G. A., AMANTEA, R., BOUR, D. P.,
HAMMER, J. M., KIRK, J. B., REICHERT, W. F. AND STOLZENBERGER, R.
(1991b ). "Coherent continuous wave operation of 10 x 10 x 2 grating surface
emitting diode laser array in a ring configuration," J. Appl. Phys. 70, 12, 7645-7647.
LINDSEY, C. P., MEHUYS, D. AND YARIV, A. (1987). "Linear tailored gain broad
area semiconductor lasers," IEEE J. Quantum Electron. QE-23, 6, 775-787.
MACOMBER, S. H., MOTT, J. S., NOLL, R. J., GALLATIN, G. M., GRATRIX,
E. J., O'DWYER, S. L. AND LAMBERT, S. A. (1987). "Surface-emitting distributed
feedback semiconductor laser," Appl. Phys. Lett. 51, 7, 472-474.
MARCUSE, D. (1983). "Computer model of an injection laser amplifier," IEEE J.
Quantum Electron. QE-19, 1, 63-73.
MEHUYS, D., WELCH, D. F., PARKE, R., WAARTS, R. G., HARDY, A. AND
SCIFRES, D. (1991a). "High power, diffraction-limited emission from monolithically integrated active grating master oscillator power amplifier," Electron. Lett.
27' 6, 492-494.
MEHUYS, D., PARKE, R., WAARTS, R. G., WELCH, D. F., HARDY, A., STREIFER,
W. AND SCIFRES, D. (1991b). "Characteristics of multistage monolithically
integrated master oscillator power amplifiers," IEEE J. Quantum Electron. 27, 6,
1574-1581.
MEHUYS, D., WELCH, D. F., WAARTS, R. G., PARKE, R., HARDY, A. AND
STREIFER, W. (1991c). "Analysis of monolithic integrated master oscillator power
amplifiers," IEEE J. Quantum Electron. 27, 7, 1900-1909.
MILLER, D. A. B., CHEMLA, D. S., ElLENBERGER, D. J., SMITH, P. W., GOSSARD,
A. C. AND TSANG, W. T. (1982). "Large room temperature optical nonlinearity
in GaAs/Ga 1_xA1xAs multiple quantum well structUres," Appl. Phys. Lett. 41, 8, 679.

214

G. A. Evans et al.

MriTELSTEIN, M., MEHUYS, D. AND YARIV, A. (1989). "Broadband tunability
of gain-flattened quantum well semiconductor lasers with an external grating,"
Appl. Phys. Lett. 54, 12, 1092-1094.
Morr, J. S. AND MACOMBER, S. H. (1989). "Two-dimensional surface emitting
distributed feedback laser arrays," IEEE Photon. Techno/. Lett. 1, 8, 202-204.
NG, W. AND YARIV, A. (1977). "Highly collimated broadside emission from
room-temperature GaAs distributed Bragg reflector lasers," Appl. Phys. Lett. 31,
9, 613-615.
0HATA, T., HONDA, K., HIRATA, S., TAMAMURA, K., ISHIKAWA, H.,
MIYAHARA, K., MORI, Y. AND KOJIMA, C. (1986). "A!GaAs/GaAs distributed
feedback laser diodes grown by MOCVD," J. Cryst. Growth 77, 637-642.
PALFREY, S., HAMMER, J. M., LONGEWAY, P. A., CARLSON, N. W., EVANS,
G. A., ANDREWS, J. T., JAKLIK, J., KIRK, J. B., STOLZENBERGER, R. AND
TRIANO, A. R. (1989). "Phase-locked operation of a 3-element InGaAsP/InP
grating-surface-emitting diode laser array," Appl. Phys. Lett. 54, 14, 1296.
PALFREY, S., ENSTROM, R., VANGIESON, E., HAMMER, J. M., MARTINELLI, R.
U., ANDREWS, J. T., APPERT, J., STOLZENBERGER, R., TRIANO, A., CARLSON,
N. W. AND EvANS, G. A. (1990). "Coherent mutually-injection-coupled linear
and two-dimensional arrays of InGaAs/InGaAsP/InP multi-quantum-well grating-surface-emitting diode lasers operating at 1.5 (.LID," Appl. Phys. Lett. 51, 26,
2753-2755.
PARKE, R., WAARTS, R., WELCH, D. F., HARDY, A. AND STREIFER, W. (1990a).
"High efficiency, high uniformity, grating coupled surface emitting lasers,"
Electron. Lett. 26, 2, 125.
PARKE, R., WELCH, D. F., MEHUYS, D., WAARTS, R., CRAIG, R. AND SCIFRES,
D. (1990b). "Electronically steerable monolithically integrated master oscillator
power amplifier," Electron. Lett. 26, 14, 1076-1077.
PARKE, R., WELCH, D. F. AND MEHUYS, D. (1991). "Coherent operation of 2-D
monolithically integrated master oscillator power amplifier," Electron. Lett. 27,
23, 2097-2098.
REINHART, F. K., LOGAN, R. A. AND SHANK, C. V. (1975). "GaAs-AlxGa,_xAs
injection lasers with distributed feedback reflectors," Appl. Phys. Lett. 27, 1,
45-48.
SALZMAN, J., VENKATESAN, T., LANG, R., MITTELSTEIN, M. AND YARIV, A.
(1985). "Unstable resonator cavity semiconductor lasers," Appl. Phys. Lett. 46, 3,
218-220.
ScoTT, J. W. AND COLDREN, L.A. (1991) "Optimization of vertical-cavity surface
emitting lasers: limitations of output power," LEOS '91 Conference Digest, November, Paper SDL4.4.
SIEGMAN, A. E. (1986). Lasers, Sec. 7.7, University Science Books, Mill Valley,
CA, 1986.
STOLL, H. M. (1978a). "High brightness lasers using integrated optics," SPIE 139,
113.
STOLL, H. M. (1978b). "Distributed Bragg Deflector: A multifunction integrated
optical device," Applied Optics, 17, 16, 2562-2569.

Grating-Outcoupled Surface Emitting Semiconductor Lasers

215

STREIFER, W., WELCH, D. F., CROSS, P. S. AND SCIFRES, D. (1987). "Y-junction
semiconductor laser arrays: Part I-Theory," IEEE 1. Quantum Electron. QE-23,
6, 744-751.
SuzuKI, A. AND TADA, K. (1980). "Fabrication of chirped gratings on GaAs
optical waveguides," Thin Solid Films 72, 419-426.
TAKEMOTO, A., 0HKURA, Y., KAWAMA, Y., NAKAJIMA, Y., KIMURA, T.,
YOSHIDA, N., KAKIMOTO, S. AND SUSAKI, W. (1989). "1.3 fLm distributed
feedback laser diode with a grating accurately controlled by a new fabrication
technique," IEEE 1. Lightwave Tech. 7, 12, 2072.
TAMIR, T. (1981). "Microwave modeling of optical periodic gratings," IEEE Trans.
MIT, MTI-29, 979-983.
TARUCHA, S., HORIKOSHI, Y. AND OKAMOTO, H. (1983). "Optical absorption
characteristics ofGaAs-AlGaAs multi-quaptum-well heterostructure waveguides,"
1pn. 1. Appl. Phys. 22, L482.
THOMPSON, G. H. B. (1980). Physics of Semiconductor Laser Devices, John Wiley
and Sons, New York.
THORNTON, R. L., MOSBY, W. J. AND CHUNG, H. F. (1989). "Demonstration
and properties of a planar heterojunction bipolar transistor with lateral current
flow," IEEE Trans. Electron Devices 36, 10, 2156-2164.
THORNTON, R. L., MOSBY, W. J., DONALDSON, R. M. AMD PAOLI, T. M. (1990).
"Properties of closely spaced independently addressable lasers fabricated by
impurity-induced disordering," Appl. Phys. Lett. 56, 1623-1625.
TIBERIO, R. C., PORKOLAB, G. A., ROOKS, M. J., WOLF, E. D., LANG, R. J.,
LARSSON, A., FOROUHAR, S., CODY, 1., WICKS, G. W., ERDOGAN, T., KING,
0. AND HALL, D. G. (1991). "Facetless Bragg reflector surface-emitting
AlGaAs/GaAs lasers fabricated by electron-beam lithography and chemically
assisted ion-beam etching," 1. Vac. Sci. Techno/. B 9, 6, 2842-2845.
TILTON, M. L., DENTE, G. C., PAXTON, A. H., CSER, J., DEFREEZE, R. K.,
MOELLER, C. E. AND DEPATIE, D. (1991). "High power, nearly diffractionlimited output from a semiconductor laser with an unstable resonator," IEEE 1.
Quantum Electron. 27, 2098-2108.
TOHMORI, Y., SUEMATSU, Y., TOSHIMA, H. AND ARAI, S. (1983). "Wavelength
tuning of GalnAsP/InP laser with butt-jointed built-in distributed Bragg reflector," Electron. Lett. 19, 17, 656-657.
VANGIESON, E. A., PALFREY, S. L., ENSTROM, R., HAMMER, J. M., MARTINELLI,
R. U., CARLSON, N. W., EVANS, G. A., ANDREWS, J. T., APERT, J., STOLZENBERGER, R. AND TRIANO, A. (1991). "Coherent high power arrays oflnGaAs/lnGaAsP multi-quantum-well grating-surface-emitting diode lasers operating at
A= 1.5 ,_.,m," Appl. Phys. Lett. 59, 22, 2790-2792.
WAARTS, R., WELCH, D. F., PARKE, R., HARDY, A. AND STREIFER, W. (1990).
"Coherent linear arrays of grating coupled surface emitting lasers," Electron. Lett.
26, 129.
WANG, C. A., CHOI, H. K. AND CONNORS, M. K. (1989). "Large-area uniform
OMVPE growth for GaAs/ AlGaAs quantum-well diode lasers with controlled
emission wavelength," 1. Electron. Mater. 18, 695-701.

216

G. A. Evans et al.

WANG, C. A. AND CHOI, H. K. (1991). "Organometallic vapor phase epitaxy of
high-performance strained-layer InGaAs/ AIGaAs diode lasers," IEEE J. Quantum
Electron. 27, 3, 681-686.
WELCH, D. F., STREIFER, W., CROSS, P. S. AND SCIFRES, D. R. (1987). "Y-junction
semiconductor laser arrays: Part 11-Experiment," IEEE Quantum Electron. QE23, 6, 752-756.
WELCH, D. F., PARKE, R., HARDY, A., WAARTS, R., STREIFER, W. AND SCIFRES,
D. R. (1989). "High power, 4 W pulsed, grating-coupled surface-emitting laser,"
Electron. Lett. 25, 1038.
WELCH, D. F., MEHUYS, D., PARKE, R., WAARTS, R., SCIFRES, D. AND
STREIFER, W. (1990). "Coherent operation of monolithically integrated master
oscillator amplifiers," Electron. Lett. 26, 17, 1327-1329.
WELLER-BROPHY, L.A. AND HALL, D. G. (1985). "Analysis of waveguide gratings:
application of Rouard's method," J. Opt. Soc. Am. A, 2, 863-971.
WILCOX, J. Z., SIMMONS, W. W., BOTEZ, D., JANSEN, M., MAWST, L. J.,
PETERSEN, G., WILCOX, T. J. AND YANG, J. J. (1989). "Design considerations
for diffraction coupled arrays with monolithically integrated self-imaging cavities,"
Appl. Phys. Lett. 54, 19, 1848-1850.
WILSON, G. A., DEFREEZ, R. K. AND WINFUL, H. G. (1991). "Modulation of
phased-array semiconductor lasers at K-band frequencies," IEEE J. Quantum
Electron. 27, 6, 1696-1704.
YABLONOVITCH, E., GMITTER, T., HARBISON, J. P. AND BHAT, R. (1987).
"Extreme selectivity in the lift off of epitaxial GaAs films," Appl. Phys. Lett. 51,
26, 2222-2224.
YARIV, A. (1973). "Coupled-mode theory for guided-wave optics," IEEEJ. Quantum
Electron. QE-9, 919-933.
ZORY, P. AND COMERFORD, L. D. (1975). "Grating-coupled double-heterostructure AlGaAs diode lasers," IEEE J. Quantum Electron. QE-11, 7, 451-457.
Zou, W. X., LAW, K.-K., GOSSARD, A. C., Hu, E. L., COLDREN, L.A. AND
MERZ, J. L. (1990). "Low-threshold high-efficiency high-yield impurity-induced
layer disordering laser by self-aligned Si-Zn diffusion," Appl. Phys. Lett. 57, 24,
2534-2536.

Chapter 5
HORIZONTAL-CAVITY SURFACE
EMITTING LASERS WITH INTEGRATED
BEAM DEFLECTORS
R. C. Williamson, J.P. Donnelly, Z. L. Liau, W. D. Goodhue
and J. N. Walpole
Lincoln Laboratory, Massachusetts Institute of Technology,
Lexington, Massachusetts

I.

INTRODUCTION

The performance of horizontal-cavity surface emitting lasers is firmly based
upon the characteristics of conventional cleaved-facet edge emitting lasers.
Two approaches have been demonstrated to convert this conventional edge
emitting structure into a surface emitting laser. Approaches that have been
used include gratings and integrated beam deflectors. In the latter approach,
an angled (usually 45°) mirror is placed either internal (intracavity deflector)
or external ( extracavity deflector) to the laser cavity, as shown schematically
in Fig. 1. For both types of deflectors, the end facets of the laser cavity are
formed by some process other than cleaving. The common advantage of
grating and beam deflector designs over vertical-cavity designs is that low
series resistance and high power-conversion efficiency, which are difficult
to achieve with vertical-cavity lasers, can be obtained by standard techniques. Use of beam deflectors instead of gratings allows for somewhat
denser packing of active gain media in two-dimensional arrays. Moreover,
cavity reflectivity and output coupling can be independently designed,
resulting in arrays with efficiency and output performance approaching that
of cleaved-facet lasers.
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SEMICONDUCTOR
LASERS AND ARRAYS
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Fig. 1. Basic design of horizontal-cavity surface emitting laser with (a) intracavity
and (b) extracavity integrated beam deflector.

An immediate application of two-dimensiona l arrays of horizontal-cavi ty
surface emitting lasers is the pumping of solid state lasers such as Nd: YAG.
Monolithic arrays for this purpose should ultimately have economic advantages over hybrid approaches in which many individual lasers or bars of
lasers are mounted together to achieve a two-dimension al array. In addition,
horizontal-cavi ty surface emitting lasers have a favorable geometry for
removing heat and can thus sustain higher average powers than stacked
edge emitting lasers. Arrays of individually addressable high-efficiency
low-power lasers would be useful for optical-intercon nection applications.
As the performance and uniformity of these arrays are improved, they can
be combined with lenslet arrays in external cavities for high-power operation
as coherent arrays (see Chapter 8).
Both intracavity and extracavity beam deflector lasers present technological challenges in the fabrication of the facets and deflectors. Devices made
in AlGaAs/GaAs, including strained-layer quantum-well structures, require
different fabrication processes from devices made in GalnAsP/InP. The
fabrication technique must yield sufficiently smooth and accurately controlled shapes that high optical quality can be obtained. For good device
performance the rms deviations from the ideal surface typically must be on
the order of A/20 or smaller, where A is the optical wavelength.
Intracavity deflector lasers must be designed such that losses that occur
as the beam propagates perpendicular to the substrate are minimized.
Contact metal must be removed over the emission region, and low doping
is preferred in order to minimize absorption, a requirement that conflicts
with the high doping normally desired to reduce contact and series resistance. A fundamental problem is the conversion from a guided wave in the
active region to a diffracting wave in the top or bottom layer and then
reconversion back to a guided wave, because the mismatch of the optical
fields introduces additional loss. A design constraint for extracavity deflector
lasers involves the efficiency with which the mirror intercepts and deflects
a highly divergent semiconductor laser beam, which is typically greater than
30° full width at half-maximum (FWHM).
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The feasibility of intracavity deflector lasers was demonstrated in
AlGaAs/GaAs by SpringThorpe (1977). His initial device achieved only
modest performance with external differential quantum efficiencies (DQE)
of 4-6%. This approach languished until 1989, after which several
laboratories initiated work on intracavity deflector lasers and laser arrays
(Hamao et al., 1989; Takamori et al., 1989; Donnelly et al., 1989, Ou et al.,
1991a; Liau and Walpole, 1990; and Stegmi.iller, 1991).
Meanwhile, the first extracavity deflector lasers were reported by Liau
and Walpole (1985) in the GainAsP/InP system. These devices demonstrated the first use of a parabolic-shaped beam deflector to achieve nearly
diffraction-limited collimation of the deflected beam. The first roomtemperature two-dimensional arrays of surface emitting lasers were realized
in GainAs/InP (Walpole and Liau, 1986). Subsequently, several other
workers fabricated these devices in the AlGaAs/GaAs systems (Windham
and Goodhue, 1986; Yang et al., 1986a; Puretz et al., 1987; and Shieh et
al., 1988) and GainAsP/InP systems (Saito and Noguchi, 1989; Harriott et
al., 1986; and Mutoh et al., 1991). In the AlGaAs/GaAs system, an approach
by Donnelly et al. (1988a) has been demonstrated in which a linear array
bar of edge emitting lasers is mounted onto a Si carrier that has been etched
chemically to form extracavity beam deflectors. The result is a hybrid
two-dimensional array of surface emitting lasers.
In Section II, the beam deflector lasers and arrays fabricated in
AlGaAs/ GaAs are reviewed. The topics covered are fabrication technologies
used with these materials, work to date on extracavity and intracavity
deflector devices, and hybrid arrays. Section III deals with GainAsP/InP
beam deflector lasers and arrays, with a discussion of the mass transport
fabrication technology, extracavity deflector devices, and devices with intracavity deflectors and integrated microlenses (Liau et al., 1990; Stegmi.iller
et al., 1991). Also discussed is the technique for monolithic integration of
a microlens on the substrate side of a wafer to solve the mode matching
problem inherent in folded-cavity designs and to provide collimation of the
output beam. Finally, in Section IV, the results for the different types of
devices are discussed and compared.

II.
A.

AIGaAs/GaAs MATERIAL SYSTEM

Fabrication Techniques

The techniques used to fabricate laser facets and deflectors in the
AlGaAs/GaAs material system include wet chemical etching
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(SpringThorpe, 1977; and Yih and Lee, 1990), ion-beam-assisted etching
(IBAE) (Windhorn and Goodhue, 1986), modified IBAE (Tihanyi et al.,
1987), reactive ion etching (RIE) (Saito and Noguchi, 1989), ion milling
(Yang et al., 1986a; and Shieh et al., 1988), and focused-ion-beam (FIB)
milling (Puretz et al., 1987; and Harriott et al., 1986). The last technique
has the potential to produce very high optical quality facets and deflectors
but has two disadvantages. First, FIB milling requires high energy ions,
which can introduce damage and cause reliability problems, and second,
the process is very time consuming and may not be practical for production
of large-scale arrays. Wet chemical etching is difficult to control since it
tends to undercut the mask and to be selective with respect to material
composition and crystallographic orientation. The mass transport technique,
described later, which is employed for fabrication of facets and deflectors
in the GainAsP/InP material system, is not easily adaptable to the
AlGaAs/ GaAs system because of the reactivity of the Al constituent. Mass
transport has been demonstrated in the GainAsP/GaAs material system
(Groves et al., 1990), however, which has emission wavelengths in the same
range as AlGaAs/ GaAs lasers, making this an attractive candidate for future
work in surface emitting diode lasers in the short-wavelength (less than
-1.0 J.Lm) range.
The IBAE dry etching technique has been used to fabricate several
different types of monolithic two-dimensional surface emitting
AlGaAs/ GaAs diode lasers and arrays. In IBAE, which has been described
by Geis et al. (1981), the chemical reactant species and the energetic ions
can be independently controlled. A schematic illustration of an IBAE system
with a load lock, a tiltable sample holder, and a cryopump is shown in Fig.
2. In this system, which routinely reaches a background pressure of 10-7 Torr
at 15 minutes after sample loading, a chemical reactant species from a local
jet and a separately controlled collimated ion beam from an ion source
impinge simultaneously upon a sample. Both AlGaAs and GaAs can be
etched at room temperature with Cl 2 as the reactant gas and argon as the
ion source. Neither is spontaneously etched by Cl 2 at room temperature,
so the IBAE is highly directional, with the sidewall slope of a masked etch
trench determined essentially by the direction of the argon-ion beam. Therefore, almost any concave slope can be generated with a computer-controlled
sample stage that precisely varies the tilt angle between the sample and the
ion beam during etching (Goodhue et al., 1990). With appropriate parameters, AlGaAs and GaAs can be etched at essentially the same rate, and
no roughness or steps are observed at AlGaAs/ GaAs heterointerfaces.
Materials such as photoresist, phosphosilicate glass, Si0 2 , Ni, and Ti, which
have slow etch rates compared to AlGaAs and GaAs, can be used as etch
masks.
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Schematic illustration of ion-beam-assisted etching apparatus.

As mentioned previously, other dry-etching techniques such as ion milling
and RIE for fabricating the facets and deflectors in the AlGaAs/GaAs
material system are also being used. However, while ion milling can be
highly directional, the facet quality obtained is generally not as good as
with IBAE since there is no chemical reaction to carry away etched material
in the vapor phase. With RIE, on the other hand, chemical reactions do
produce volatile products to remove the etched material and high-quality
facets can be obtained, but the directionality is not as good as with IBAE,
especially for angled cuts over large areas.
B.

Intracavity Deflector Devices

Although surface emitting lasers with intracavity 45° deflecting mirrors were
first reported in the AlGaAs/GaAs material system in 1977 (SpringThorpe,
1977), (Fig. 4), only in the last few years has significant progress been made
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in increasing the performance of these lasers to acceptable levels. The
various generic designs for the lasers include devices that emit light through
the top surface of the wafer, through to the back surface of the wafer, and
through both top and back surfaces. The three basic cavity configurations
from which the various designs have evolved are shown in Fig. 3. The
configurations are depicted for a top-surface emitting laser but could be as
easily represented for lasers emitting from the back surface or from both
surfaces.

(a)

(b)

(c)

Fig. 3. Schematic diagrams of cavity configurations that have been used in the
successful fabrication oflasers with intracavity deflecting mirrors: (a) a folded cavity
formed by one vertical etched facet, an etched 45° intracavity mirror, and a topsurface facet; (b) a folded cavity formed by two etched 45° intracavity mirrors and
two top-surface facets; (c) a folded cavity formed by a dielectric mirror stack, two
etched 45° intracavity mirrors, and a top-surface facet. (Goodhue et al., 1990.)
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The first configuration (Fig. 3(a)) employs a folded cavity consisting of
a vertical etched facet, a surface etched at 45° forming an intracavity mirror,
and a top facet that couples the laser radiation out of the surface of the
wafer. SpringThorpe's original laser (1977), shown in Fig. 4, was a backsurface emitting laser of this type in which the 45° folding mirror was formed
with wet etching and the vertical facet was formed with cleaving. Ou et al.
(1991) have demonstrated a similar device with external differential quantum
efficiency of 52%, where the vertical facet and 45° mirror are fabricated by
RIE and ion-beam milling, respectively. Top-surface emitting lasers in this
configuration have been demonstrated by Hamao et al. (1989) and Takamori
et al. (1989, 1990), and monolithic two-dimensional arrays have been
reported by Donnelly et al. (1989); Goodhue et al. (1990). Two-dimensional
back-surface emitting arrays have been demonstrated by Jansen et al.
(1991).
The second configuration (Fig. 3(b)) employs a folded cavity consisting
of two surfaces etched at 45° forming two intracavity mirrors and two surface
facets that couple the radiation out of the wafer. High-output-power monolithic top-surface emitting two-dimensional arrays in this configuration that
emit at 0.815 and 1.03 J.Lffi have been reported by Goodhue et al. (1991).
These devices, which have achieved greater than 50% DQE, are discussed
in the following paragraphs.
The third configuration (Fig. 3(c)) employs a folded cavity consisting of
an internal dielectric mirror stack, two 45° intracavity mirrors formed in
one etch step and one top-surface facet. This design was first demonstrated
in a monolithic two-dimensional surface emitting array by Goodhue et al.
(1990). Recently, Chao et al. (1991c) have demonstrated individual ridge
waveguide lasers of this type with cw threshold current as low as 10 rnA
and external DQE of 12%.
Combinations of these configurations are also possible. For example, as
illustrated in Fig. 5, a partially reflecting dielectric mirror stack can be used
in conjunction with a strained-layer InGaAs quantum well (which yields
emission at wavelengths larger than the energy gap of GaAs) to fabricate
a back-surface emitting device that does not require the removal of the
GaAs substrate under the deflecting mirror (Ou et al., 1991c).
The performance of intracavity deflector devices is critically dependent
on the quality and placement of the folding mirrors, dielectric mirror stacks,
and etched facets as well as on the heat sinking and bonding. Diffraction
losses in the folded-cavity portion of the laser, which must be minimized
for efficient operation, depend on both the distance between the 45° mirror
and facet and the width of the horizontal-cavity waveguide mode. These
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Fig. 4. (a) Cross-sectional and (b) schematic diagrams of the intracavity deflector
laser reported by SpringThorpe (1977), showing perpendicular (A) and parallel (B)
outputs.

parameters are interactive and cannot be arbitrarily varied, since they also
affect the confinement factor and internal loss of the horizontal cavity. For
the best results obtained to date, the distance from the active quantum well
to the top-surface facet, which sets the distance from the folding mirror to
the facet, is about 1.2 to 1.4 fLm. The deviation from 45° in the angle of the
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Fig. 5. Schematic illustration of a back-surface emitting diode laser with an internal
45° deflecting mirror and a partially reflecting dielectric mirror stack. The active
layer is an InGaAs quantum well'. (After Ou et al., 199lc.)

folding mirror must be less than ±2°, and the facet (the top surface) must
be parallel to the horizontal cavity to provide good overlap between the
reflected wave and the horizontal-cavity waveguide mode. In addition, the
smoothness of the facets and mirrors must be maximized. Better-performing
devices always have facets and mirrors with variations in surface morphology of less than 40 nm. The optimal characteristics of buried dielectric
mirror stacks for folded cavity lasers are currently under investigation.
Monolithic two-dimensional arrays of folded-cavity top-surface emitting
strained-layer InGaAs/ AlGaAs and AllnGaAs/ AlGaAs diode lasers with
intracavity deflectors have recently been produced. These lasers, which are
configured as shown in Fig. 3(b), are fabricated with a self-aligned process
and IBAE. The arrays fabricated in these material systems emitted at 1.03
and 0.815 f.Lm, respectively, and had low threshold current densities
and differential quantum efficiencies greater than 50% (Goodhue et al.,
1991).
The InGaAs/ AlGaAs wafers used for the 1.03-f.Lm arrays contained a
single 7 nm-thick In 0 .25 Ga 0 . 75 As quantum well symmetrically positioned in
a graded-index (GRIN) optical cavity. The GRIN separate-confinement
heterostructure (SCH) single-quantum-well (SQW) structure was grown by
organometallic vapor phase epitaxy (OMVPE) on an n+ -GaAs substrate
and is similar to strained-layer InGaAs/ AlGaAs quantum-well structures
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previously reported by Choi and Wang (1990). Pulsed broad-area cleavedfacet lasers fabricated from this material with a cavity length of 1000 ILm
had a threshold current density of 85 A/ cm 2 and a differential quantum
efficiency of 76%.
The OMVPE-grown AllnGaAs/ AlGaAs wafers contained a single 10 nmthick Al 0 . 18 ln 0 .20 Ga 0 .62 As quantum well in an SCH structure. AllnGaAs was
chosen over AlGaAs as the quantum-well material for 0.815-~J-m operation because preliminary investigations indicate that strained-layer
AllnGaAs/ AlGaAs diode lasers have lower threshold current densities and
may be less susceptible to defects induced by handling and processing,
making them more reliable than their AlGaAs quantum-well counterparts
(Wang et al., 1991a,b ). Pulsed broad-area cleaved-facet lasers fabricated
from this material with a cavity length of 1000 ILm had threshold current
density of 120 A/ cm 2 and differential quantum efficiency of 72%.
The design of the monolithic two-dimensional surface emitting arrays is
shown schematically in Fig. 6. Since total internal reflection occurs at the
45° cavity-folding mirror surfaces, high reflectivity coating of these surfaces
is not required. Emission occurs through window regions in the top-surface
facets at the ends of each laser element. For the AllnGaAs/ AlGaAs arrays,

DEEP
PROTON-BOMBARDED
REGION

lnGaAs
OR
AllnGaAs
QUANTUM
WELL

Ti/Au
METALLIZATION

ALIGNMENT
MARKS

ENCAPSULATION

WINDOW
REGIONS ON
TOP-SURFACE

Ni/Ge/Au
BACK CONTACT

Fig. 6. Schematic illustration of a monolithic two-dimensional surface emitting
array of strained-layer InGaAs/ AlGaAs or AllnGaAs/ AlGaAs diode lasers. Each
individual laser utilizes a folded cavity consisting of two etched 45° intracavity
mirrors and two top-surface facets.
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which operate at a wavelength shorter than the band edge of GaAs, the
p + -GaAs contacting layer is selectively removed from the facet window

regions.
The first step in the fabrication process is to deposit a high-quality
75 nm-thick Ni-etch mask on the surface of the wafer with open 5 f.Lm-wide
slots for forming the cavity-folding mirrors. The mask is formed by a simple
photoresist liftoff technique utilizing a pattern-generator-produced chrome
projection mask and a 4: 1 projection aligner. Elecron-beam lithography is
not used in any of the fabrication or photolithographic mask-making steps.
The edges of the Ni mask are very straight, square, and smooth. Photoresist
is used to cover one set of slots while the first set of 45° mirrors is formed
by IBAE. The photoresist is then removed and reapplied over the etched
slots to allow IBAE of the second set of 45° mirrors. The IBAE process
used to form such sidewall geometries, has been reported in detail (Goodhue
et al., 1990). A scanning electron micrograph (SEM) of an etched 45° mirror
is shown in Fig. 7. As seen, the combination of the Ni-etch mask and IBAE
results in smooth high-quality 45° mirrors. The distance between the top
edges of opposing folding mirrors, which is the effective cavity length, is
1000 f.Lm.
After the 45° mirrors have been etched, the photoresist is removed and
reapplied over the etched slots. The residual Ni mask is etched away using
a wet-chemical technique. The photoresist is then removed, and the structure
is encapsulated in plasma-deposited Si0 2 • Encapsulation of the 45° mirrors
is required to protect the exposed layers from chemical attack during the
rest of the processing. A shallow proton-bombardment schedule (Foyt et
al., 1969; Dyment et al., 1973) that penetrates to 0.2 f.Lm above the top

ACTIVE LAYER

~1

I,.__

11Jm

Fig. 7.

SEM of an etched 45° mirror formed by IBAE.
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AlGaAs confining layer is then used to confine the current in each row to
40 t-t.m-wide laser stripes on 125 J.Lm centers. A second proton-bombardment
schedule at higher energies into 12 J.Lm-wide stripes midway between the
40 t-t.m-wide stripes introduces sufficient optical loss to suppress lasing in
the transverse direction. The Si0 2 over the contact region on the top surface
is opened with RIE, and Ti/ Au p-type contacts are applied by an electronbeam evaporation and liftoff process. Since the Si0 2 deposition is designed
only to protect the 45° mirrors and not to serve as an optimized top-surface
facet coating, it is selectively removed from the window regions of these
initial arrays. On AllnGaAs quantum-well arrays, the p + -GaAs contacting
layer is also selectively removed from the window regions. The wafer is
thinned to approximately 100 J.Lm, Ni/Ge/ Au n-type contacts are applied
to the back surface, and arrays of 16 to 48 laser elements are cleaved from
the wafer.
The arrays have been evaluated in pulsed operation with 100 ns pulses
and 1 kHz repetition rate. Figure 8 shows the near-field pattern taken at
about twice threshold for a AllnGaAs/ AlGaAs array consisting of two rows
of 24 elements each, all bonded in parallel. The threshold current for this
48-element array is about 4.6 A, which corresponds to a threshold current

0.1 em

Fig. 8. Near-field pattern of a 48-element strained-layer AIInGaAs/ AlGaAs array
of folded-cavity lasers. The DQE for this array is 51%.
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Fig. 12. Near-field pattern of a toO-element monolithic two-dimensional surface
emitting array of AlGaAs/GaA s diode lasers with extracavity parabolic deflectors.

stripes is used to introduce sufficient optical loss to suppress transverse
lasing. Further details of the fabrication have been reported previously
(Donnelly et al., 1989; Goodhue et al., 1990; Donnelly et al., 1987, 1988;
Donnelly, 1990).
The L-1 characteristi c is shown in Fig. 13 for the array whose near-field
pattern is represented in Fig. 12. The power is limited to 15 W by the
available pulsed current of 62 A. An array consisting of only two rows, a
total of 20 elements, fabricated from the same wafer had a pulsed output
of 16.5 W at 62 A, which corresponds to a power density of 1.5 kW/cm 2 •
The external DQEs of these early arrays is about 20%. Several factors
can limit the efficiency, including the quality of the starting material, the
quality of the laser facets, the length of the laser cavity, the beam divergence
of the laser emission, and the effective f-number of the deflecting mirrors.
The latter two factors affect the fraction of the light emitted from the laser
facets that is deflected by the mirrors. Several changes can be made to
increase the DQE of the arrays. The most obvious are to use a laser material
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Fig. 13. Power-versus-current characteristic for the 100-element monolithic array
whose near-field pattern is shown in Fig. 12.

providing higher cleaved-facet laser performance, including lower threshold
current density, higher differential quantum efficiency, and lower beam
divergence, and a cavity length more suitable for single quantum-well laser
material.
The L-1 characteristic of an array recently fabricated in GRIN-SCHSQW AlGaAs/GaAs material is shown in Fig. 14. The GRIN-SCH SQW
material was grown on n+ -GaAs by MOCVD. The quantum well is 10 nm
thick and contains approximately 7 mol% AlAs. The GRIN regions on either
side of the quantum well are graded from 30 to 60 mol% AlAs over approximately a 200 nm length. Cleaved-facet lasers fabricated in this material have
threshold current density of214 A/ cm 2 , DQE of76%, and a beam divergence
of :s::36° (FWHM).
Arrays in this material have been fabricated as described above, except
that the laser cavity length was increased to 1000 !J.-m, the lasers were 40 1-Lm
wide on 125 IJ.-m centers, and 4x projection photolithography was used to
define the etch masks for the facets and parabolic cuts. As shown in Fig.
14, small arrays of 17 to 24 elements (-35x10- 2 cm- 2 ) have threshold
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density of 240 A/ cm 2 for the active laser area. The differential quantum
efficiency is about 51%. Figure 9 shows the output power versus current
(L- I) characteristic for a 17 -element AIInGaAs/ AlGaAs array. The threshold
current for this array is about 1.56 A, which corresponds to a threshold
current density of 230 A/ cm 2 • The peak output power is about 15 W at 20 A
and the DQE-53%.
Figure 10 shows the L-1 characteristic for a 16-element InGaAs/ AlGaAs
array. The threshold current for this array is about 1.18 A, which corresponds
to a threshold current density of 185 A/cm 2 • The DQE is about 56%, the
highest measured to date on a monolithic array of beam deflector lasers.
The output power of 13 W at 20.5 A corresponds to a power density greater
than 500 W/ cm 2 • Other arrays of 16 to 48 elements have demonstrated DQEs
of about 50% and threshold current densities ranging from 160 to 200 A/ cm 2 •
Future work will include schemes to connect high power arrays in
serial/ parallel configurations, to make the individual elements of the arrays
addressable, to integrate microlenses, to assign unique wavelengths to
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Fig. 9. Power-versus-current characteristic of
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Fig. 10. Power-versus-current characteristic
InGaAs/ AlGaAs array of folded-cavity lasers.

of a

16-element strained-layer

individual elements, and to phase-lock the individual elements of an array.
For high output power, the ability to electrically connect the rows in series
will be an important consideration. This will entail growing the laser
structure on semi-insulating GaAs and developing a reliable, low-seriesresistance interconnect scheme. Wu et al. (1991) have begun to fabricate
simple intracavity deflector arrays with individually addressable elements.
Phase-locking can be achieved with either Talbot configurations (Leger et
al., 1988) or evanescent coupling schemes, which are described in Chapter
2. Individual wavelength control can be achieved by such techniques as
implantation/ disordering (Ralston et al., 1989) or segmentation (Fang and
Wang, 1984).
C.

Extracavity Deflector Devices

Monolithic surface emitting diode lasers with extracavity deflectors have
been fabricated in the AlGaAs/ GaAs material system using several of the
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previously described dry etching techniques. Windhorn and Goodhue ( 1986)
reported the fabrication of a linear array of AlGaAs/GaAs devices in which
one of the laser facets was cleaved while the other facet and adjacent
deflector were formed by IBAE. Yang et al. (1986a,b) reported an array of
similar devices in which the noncleaved facet and adjacent deflector were
formed by ion milling. Lasers in which the facet and extracavity deflector
were formed by a single-step ion milling process were reported by Shieh et
al. (1988) and Kim et al. (1990). An FIB micromachining technique has
been used to form the non cleaved facet and 45o deflecting mirror in a device
consisting of ten coupled 6 fLm-wide laser stripes on 10 fLm centers (Puretz
et al., 1987). The other facet in this device was a cleaved facet with a highly
reflective coating.
The first monolithic two-dimensional AlGaAs/GaAs diode laser array
was reported by Donnelly et al. (1987). For this array, IBAE was used to
dry etch all of the facets and parabolic deflectors. Subsequent versions of
this device (Donnelly et al., 1989; Goodhue et al., 1990; Donnelly et al.,
1988; and Donnelly, 1990) have produced peak output powers as high as
1.5 kW/cm 2 • Jansen et al. (1989) reported the injection locking of a monolithic surface emitting diode laser array consisting of six rows of ten coupled
ridge waveguide lasers. An external oscillator is injected into the first ridge
waveguide, which extends the full length of the device. The other lasers in
each row have a vertical etched facet with a highly reflective coating at
one end and a vertical etched facet and 45° extracavity deflector at the
other end.
Although many of these devices show promise, a major limitation has
been that differential quantum efficiency is generally on the order of 20%
or less. Ou et al. (1991) recently reported the cw operation of a surface
emitting laser in which one vertical facet is formed by RIE and the other
vertical facet and external outcoupled mirror are formed by ion-beam
etching. Although the device had a reasonable threshold current density of
330 A/ cm 2 , the DQE was only 22%. The discussion that follows on fabrication techniques will describe some recent modifications that have led to
substantial increases in DQE (Donnelly et al., 1991, 1992) of surface emitting
arrays with external parabolic deflectors. Deflector design and fabrication
for light collection efficiency will also be discussed.
A schematic illustration of a monolithic two-dimensional surface emitting
array of AlGaAs/GaAs diode lasers with extracavity parabolic deflectors
is shown in Fig. 11, and the near-field pattern of a 100-element array is
shown in Fig. 12. Each laser is 40 fLm in width and has a cavity length of
250 fLm. The lasers in each row are on a 180 fLm period, and the rows are
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Fig. 11. Schematic illustration of a monolithic two-dimensional surface emitting
array of AlGaAs/GaAs diode lasers with extracavity parabolic deflectors.

on a 300 fl-m pitch. The array is fabricated in SCH-SQW AlGaAs/GaAs
material, with an undoped 20 nm-thick GaAs quantum well sandwiched
between two 0.32 fl-m thick Al 0 .3 Ga0 _7 As confining layers, one n-type and
one p-type. The cladding layers contain 70 mol% AlAs. Cleaved-facet lasers
fabricated from this SCH-SQW material have DQEs of about 60%.
The technique used to fabricate the array follows. With photoresist as an
etch mask, IBAE is used to etch pairs of straight-sided grooves 2 fl-m wide
and 3-4 fl-m deep. The outer walls of each pair are the facets of the lasers
formed in 250 ~J.m-long rows. Lines approximately 3 ~J.m wide immediately
adjacent to the inside edge of one of the grooves in each pair are then
opened in a new layer of photoresist, and parabolic deflectors for one side
of each row are formed by computer-controlled angled IBAE, which is
described below. The deflectors for the other side of each row are then
formed in a similar manner.
A layer of Si 3 N 4 is plasma-deposited to form a coating approximately
0.22 ~J.m thick on the laser facets. A shallow proton bombardment that
penetrates to a depth about 0.2 !J.m above the top of the upper Al 0 .3 Ga 0 .7 As
layer is used to confine the current to 40 ~J.m-wide stripes on 180 ~J.m centers.
A second proton bombardment at higher energies midway between the laser
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Fig. 14. Power-versus-current characteristic of a recently fabricated 19-element
surface emitting array with extracavity parabolic deflectors.

current densities as low as 230 A/ cm 2 and DQEs as high as 56%. These
threshold current densities compare favorably to those measured on broadarea cleaved-facet lasers made of the same material, indicating high-quality
dry etched facets.
Although the DQE is over a factor of two higher than previously obtained
in arrays of this type in AlGaAs/GaAs, it is still lower than that observed
in cleaved-facet lasers. We believe the primary reason for the lower efficiency
is the incomplete collection of light by the deflectors. Larger arrays of 80
to 100 elements ( ~0.1-0.15 cm 2 ) have comparable threshold current
densities but smaller quantum efficiencies of about 40%. Most of the decrease
in overall quantum efficiency is attributable to the difficulty in aligning the
parabolic etch masks to the etched facets over a large area. A self-aligned
process that sets the edges of the facets and deflectors in one step should
increase the uniformity in these arrays.
Use of material with an even smaller divergence angle should further
increase the DQE of this type of array. In addition, making the junction
slightly deeper (2.5-3 1-lm instead of 2 f.lm) and the initial slot cut to form
the facet narrower (1-1.5 fLm instead of2 fLm) should increase the collection
efficiency of the deflectors and make them more tolerant ofphotolithograhic
and etching inaccuracies.
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With a planar top surface, an f-number less than one can only be obtained
with curved deflectors. Figure 15 shows an integrated parabolic deflector
with an f-number less than 0.85. The actual curve etched in the AIGaAs
material is now being designed to optimize the f-number, with attention to
the following factors: passivation and metal overlap, the depth of the
junction, and tolerances in the lithography used to form the etch mask. For
the front surface of the deflector to be parabolic, etching a second-order
polynomial curve is necessary.
The method for etching the curve in the laser material (Donnelly et al.,
1988; Goodhue et al., 1990; Donnelly, 1990) is illustrated in Fig. 16(a). First,
the curve is broken down into a number of line segments of length L., which
is determined by the resolution of the computer-controlled stepping motor.
Once an etch rate is established, the time required to etch each segment t. is
calculated from the formula t. = L. I (-cos cf>/ n ), where r is the etch rate and
c!>n is the incident angle of the argon-ion beam. The resolution of the steps
coupled with the slight divergence of the ion beam ( -0.5°) creates a smooth
surface with the individual etched segments blended together. Figure 16(b)
compares a desired calculated curve with an actual etched curve. Note the
~-----4.5J,Jm-----~----

2.5JJm

..-...r----,~ FINAL

METALLIZED
REFLECTOR

9mln = 30.5°
f = 0.85

1011(1.0 JJm~~
Fig. 15. Schematic illustration of an external deflecting mirror. The effective fnumber is less than 0.85 and the minimum 8 is 30.5•.
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Fig. 16. (a) Dynamic tilting algorithm employed in micromachining the polynomial curve required to produce a parabolic deflector. The quantity .6., is the
angular displacement generated by a step of the motor, and L, is the segment length
of each step. (b) Optical micrograph of a cleaved cross section of a parabolic
deflector. The curved line represents the desired theoretical curve. (Goodhue et al.,
1990.)
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excellent agreement between the two, with the small amount of deviation
most likely due to an error in determining the etch rate. The SEMs in Fig.
17 show the face of a typical etched facet and the surface of an etched
deflector recently produced by this method.
Alternative masks to improve smoothness and the use of a self-aligning
process are currently under investigation. With these changes it should be
possible to fabricate parabolic deflectors with effective f-numbers less than
unity and arrays with quantum efficiencies comparable to those of cleavedfacet lasers. Further, by adding a highly reflective coating on one of the
facets and taking light out on only one side, series-connected monolithic
arrays of this type should be possible.

~10pm~
(a)

~10pm~
(b)
Fig. 17.

SEMs of (a) a vertical facet and (b) a vertical facet and parabolic deflector.
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Hybrid Arrays

Hybrid two-dimensional surface emitting arrays of AlGaAs/Ga As diode
lasers that have a geometry similar to horizontal-cavity monolithic arrays
have been developed (Donnelly et al., 1989, 1988a, 1990). In addition to
having near-term applications , these arrays are excellent devices for experimentally investigating the potential performance of future monolithic arrays.
A hybrid two-dimensional array is illustrated schematically in Fig. 18.
The device consists of linear arrays of edge emitting lasers with conventiona l
cleaved facets mounted in grooves with flat bottoms and 45° sidewalls etched
in a Si substrate. The Si substrate contains microchanne ls (Tuckerman and
Pease, 1981; Sasaki and Kishimoto, 1986; Phillips, 1987; Phillips et al.,
1988; Phillips, 1988; Mundinger et al., 1988; Missaggia et al., 1989; Missaggia
and Walpole, 1991) for the flow of cooling fluid. The microchannels provide
an efficient means for removing heat resulting from high average dissipated
powers. The Cu bar on top of each linear array provides high electrical
conductivity along the array and transient heat sinking during pulsed
operation.
A photomicrog raph of a sawed cross section of a portion of a hybrid
array is shown in Fig. 19. The linear array of diode lasers has a cavity length

LIGHT OUTPUT

~
~

GaAs/AIGaAs
LINEAR LASER ARRAY

Ti/Pt/Au
METALLIZATION

n+-s;
WAFER
MICROCHANNELS
FOR
COOLING
FLUID

Fig. 18. Schematic illustration of a hybrid two-dimensional surface emitting array
of AlGaAs/GaA s diode lasers integrated with a Si heat link.
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Fig. 19. Photomicrograph of a sawed cross section of an actual hybrid
AlGaAs/GaAs diode laser array showing the end of a linear array mounted in an
etched groove in a microchannel Si heat sink. The top Cu contact bar is tapered so
that it will not block any light that emerges from the surface of the array.

of about 700 11-m and is fabricated in GRIN-SCH-SQW n+-GaAs material
grown by OMVPE (Wang et al., 1989; Wang, 1990). The quantum well is
10 nm thick and contains approximately 7 mol% AlGaAs. A protonbombardment procedure (Foyt et al., 1969; Dyment et al., 1973), similar to
that described for monolithic AlGaAs/ GaAs arrays, is used to define 40 fA-illwide stripes on 125 11-m centers. After the wafers are thinned to about 100 11-m
and ohmic contact is made, 1 em-long linear arrays are cleaved from the
wafers and the facets coated with a layer of Al 2 0 3 approximately a half
wavelength thick.
The flat-bottom grooves with 45° sidewalls in the heat sink, in which the
linear array bars are mounted, are formed in (100) Si with standard photolithography and an orientation-selective etch. A stripe pattern oriented in
the (013) direction is first defined in a Si 3 N 4 capping layer that serves as
an etch mask. The Si is then etched with a KOH-isopropanol-H 2 0 solution
at 80°C. The bottom (100) Si plane etches about 2.5 times faster than the
(331) sidewalls. Because the etch ratio is only 2.5, the actual angles between
the sidewalls and the top and bottom are closer to 45° than the theoretical
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angle of 46S between the (331) and (100) planes. A dicing saw is used to
cut the microchannels into the bottom of the heat sink. The micro channels
are 100 f.Lm wide and spaced every 200 f.Lm. The Si heat sink is metallized
with Ti/Pt/ Au to form efficient deflecting mirrors, and the linear arrays are
soldered onto the bottom of the grooves using a Au/Sn solder. Finally, Cu
bars, which are tapered so that they will not block any of the light that
emerges from the surface of the array, are In-soldered to the tops of the
laser bars.
Figure 20 shows photographs of a completed laser module that contains
two 1 cm 2 hybrid arrays, each consisting of eight 1 em-long linear array bars
soldered in eight grooves on a microchannel Si heat sink. In this design,
the bars are driven in pairs, whereas in more advanced designs they would
be driven in series. Cooling fluid enters the module through the center tube
and exits through the two outside tubes. The near-field pattern of the module
(a)

(b)

Fig. 20. Photolithographs showing (a) overall and (b) front-face views of a completed laser module containing two 1 cm 2 two-dimensional surface emitting arrays
of diode lasers.
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is shown in Fig. 21. The uniformity of the bars is very good, as substantiated
by power measurements on each pair. The geometry of the hybrid arrays
is such that the amount of thermal cross talk between the individual linear
array bars is insignificant. Thus, testing the bars individually or in pairs,
one pair at a time, provides a good idea of the ultimate performance of the
arrays. Separate measurements with the linear array bars driven in pairs
and the entire module driven at one time give results within 5% of each other.
The L-1 characteristic of a pair of bars driven with 150 f.LS pulsed currents
up to 100 A is shown in Fig. 22. From the data, we estimate that if the entire
module was driven with 100 A per pair (50 A/bar), the output energy per
pulse would be approximately 120 mJ. Figure 23 shows the integrated output
spectra of the pair driven with 40 A (20 A/bar) and 80 A (40 A/bar) 150 f.LS
pulses at 10Hz. The spectra are typical of most arrays.
By disconnecting one bar of several pairs, the remaining bars have been
tested individually at various currents, pulse widths, and repetition rates.
Figure 24 shows the L-1 characteristics of one 1 em-long bar of a hybrid
array driven with 150 f.LS pulses at repetition rates up to 500Hz. Note that
at 40 A the decrease in output per pulse at 500Hz is less than 10% of that
at 10Hz. Output spectra were also obtained for the same bar driven with
150 f.LS pulses at various currents up to 30 A at 10Hz, and with 150 f.LS pulses

t-oool•-----

1 em

-----l~

If.• - - - - - 1

em - - - - - -

Fig. 21. Near-field pattern of a laser module containing two l-cm 2 hybrid surface
emitting arrays of AlGaAs/GaAs GRIN-SCH-SQW diode lasers.
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Fig. 22. Power-versus-current characteristics of a pair of parallel 1 em-long linear
array bars of a hybrid array driven with 150 J.LS pulses at 10Hz.
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Fig. 23. Output spectra of a pair of parallel1 em-long linear array bars of a hybrid
array. The bars are driven with 40 A (20 A/bar) and 80 A (40 A/bar) 150 fLS pulses
at 10Hz.
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Fig. 24. Power-versus-current characteristics of one 1 em-long linear array bar of
a hybrid array driven with 150 J.LS pulses at repetition rates from 10 to 500Hz.

of 30 A at 10 to 500Hz. At the higher drive currents the output of this bar
shows anomalous blue-shifted modes, which are not usually observed. The
wavelength change at 30 A compared to that at 7 A indicates a temperature
rise of less than 3°C during a 30 A 150 IJ-S pulse. The output spectra of the
bar driven with 150 IJ-S pulses at 30 A at repetition rates of 10, 100, 400, and
500Hz are shown in Fig. 25. The additional temperature rise at the high
repetition rates appears to be less than 1oc.
Figure 26 shows the L-1 characteristics of a single 1 em-long bar for
pulses ranging from 150 IJ-S to 1 ms at 10Hz. The figure also shows the cw
output for currents up to 25 A. The 18 W cw output indicates that 144 WI cm 2
could be obtained with each bar driven with 25 A. Output spectral data
indicate that the temperature rise for 25 A cw operation is about 30°C. The
total input power to this 1 em-long bar at 25 A cw is approximately 40 W.
Thus, with an optical output power of 18 W, the power dissipated is about
22 W. With this dissipative power, the cw temperature rise of 30°C gives a
total thermal resistance of 0.094°C cm 2 /W. This value is in close agreement
with heat sink measurements and calculations (Missaggia et al., 1989;
Missaggia and Walpole, 1991) with the thermal resistance being approxi-
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Fig. 25. Output spectra of one 1 em-long linear array bar of a hybrid array driven
with 30 A 150 fLS pulses at repetition rates of 10, 100, 400, and 500 Hz.

mately 0.07°C cm 2 /W for the Si heat sink and 0.02°C/W for the 100-f.Lm-thick
bar.
The cw output power was also measured on six bars (0.75 cm 2 ) operating
in parallel at 25 A per bar for a total current of 150 A. The measured output
was 90 W or 120 W/ cm 2 , which is slightly lower than the 144 W/cm 2 obtained
from a single bar.
These results for hybrid arrays demonstrate that both high peak power
and high average power can be obtained from arrays mounted junction side
up on a microchannel heat sink. Similar results should be possible with
monolithic arrays, in which case the fabrication should be somewhat simpler
since fiat heat sinks can be used. An advantage of monolithic arrays is that
materials such as Cu/W, which has a higher electrical and thermal conductivity, could be substituted for Si. In addition, since less space is wasted
on mirror formation with monolithic arrays, the thermal fill factor, i.e., the
area of active laser material divided by the total heat sink area, should be
higher. These variations should offset to some extent the lower performance
obtained so far on monolithic arrays compared to cleaved-facet lasers.
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Fig. 26. L-1 characteristics of one 1 em-long linear array bar of a hybrid array
driven with 150 jLS, 300 jLS, 600 1-1-s, and 1 ms pulses at 10Hz. Also shown is the cw
output for currents up to 25 A.

III.
A.

GalnAsP/InP MATERIAL SYSTEM

Mass Transport

Ion etching techniques similar to those described in Section II for the
fabrication of surface emitting lasers in AlGaAs/GaAs have been applied
to the GainAsP/InP material system (Saito and Noguchi, 1989; Mutoh et
al., 1991). In GainAsP/InP, however, because the substrate is transparent
and the Al-free cladding layers are more amenable to regrowth, other
methods can also be used. In particular, a surface-energy-induced mass
transport process can be employed to transform wet-chemical and dry etched
structures into smooth high-quality microoptical components (Liau and
Walpole, 1985, 1982; Chen et al., 1982; Liau et al., 1984; Walpole et al.,
1987; Yap et al., 1988; Liau et al., 1988b, 1989). An example of the use of
mass transport to form a 45° mirror (Liau and Walpole, 1985) is shown in
Fig. 27. Since this process has played a crucial role in the development of
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(b)

(a)

Fig. 27. Optical micrographs showing (a) a stair-shaped structure etched in a
GalnAsP/InP double-heterostructure wafer and (b) vertical (left) and 45° (right)
smooth mirrors formed after mass transport at approximately 730°C.

surface emitting lasers in the GalnAsP/InP system, it is described in detail
here.
Mass transport is caused by surface energy stored in the etched structures
and surface atomic mobility at elevated temperatures (Mullins, 1959;
Blakeley, 1973; Nagai et al., 1985; Liau and Zeiger, 1990) as illustrated in
Fig. 28. As indicated in Fig. 28(a), the thermally dissociated free atoms
have an excess concentration proportional to surface energy, which is
directly proportional to curvature. Variation of curvature across the surface
therefore results in a concentration variation and hence interdiffusion, which

z

(a)

t
z

(b)

t
--l>

X

Fig. 28. Model of surface-energy-induced mass transport, showing (a) the effect
of surface curvature on thermal dissociation and (b) the resulting diffusion and
regrowth.
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leads to erosion and growth in the high- and low-energy regions, respectively,
resulting in a reduction of the curvature, as shown in Fig. 28(b ).
This process can be described quantitatively in the simple case of slowly
varying surface profiles, for which curvature is simply the second spatial
derivative. By incorporating the second spatial derivative into the (surface)
diffusion equation, we arrive at an equation with a fourth spatial derivative
of the surface profile (Mullins, 1959; Blakely, 1973; Nagai et al., 1985; and
Liau and Zeiger, 1990), as follows:

av 2 N 0 D
kT

a4 z az

--

ax 4

at'

(1)

where a is the coefficient of surface tension, v is the molecular volume, N 0
is the equilibrium free-atom concentration in a fiat surface, D is the diffusivity, k is the Boltzmann constant, and T is the absolute temperature. A
similar equation can be derived for transport through vapor diffusion. The
model predicts exponential decay of the amplitude of a sinusoidal surface
profile with lifetime proportional to the fourth power of the spatial
wavelength. Time evolution of more general profiles can then be obtained
by using Fourier expansion. For example, a single mesa step exhibits grading
according to a fourth root of time dependence. These predictions can readily
be tested experimentally.
A furnace system developed and optimized for mass transport processing
(Liau, 1991) is shown in Fig. 29. Because PH 3 flow is used to supply the
phosphorus vapor, the system has been specially designed to avoid problems
that can be caused by phosphorus condensation in the cooler regions.
Experiments using etched stripes with varied periodicities show general
agreement with the model (Liau and Zeiger, 1990).
Stages in the fabrication of a microlens by mass transport (Liau et al.,
1988b, 1989) are illustrated in Fig. 30. Because of the very strong spatial
dependence, the lens profile can be accurately controlled by the etched
steps via a simple mass conservation rule, i.e., in each step the volume
eroded equals the volume filled. Moreover, the same strong spatial dependence assures an essentially self-controlled process in the microlens formation. The predictions indeed are in good agreement with experiment.
Although the general concepts of the mass transport model are probably
correct, some of the detailed mechanisms remain poorly understood. For
instance, the physical parameters in Eq. (1) have not been measured directly.
Some of these parameters, especially N 0 and D, are probably dependent
upon material quality, crystallographic orientation, and surface conditions.
Furthermore, some recent studies have shown the need for additional wafer
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Fig. 29. Schematic illustration of a furnace system for mass transport processing
of compound semiconductors. The gas flow, temperature distribution, and furnace
movement have been designed for high phosphorus vapor pressure with minimum
phosphine consumption and clean phosphorus disposition.

protection against complications due to evaporation loss (Liau, 1991). The
possibilities of thermal degradation and defect generation as well as their
prevention are still being investigated.
In the fabrication of 45° mirrors, other complications arise. First, the
model is not directly applicable, because the surface profile is not slowly
varying. More empirical approaches will be needed for accurate control of
the mirror angle and profile. Second, a crystallographic orientational effect
of the mass transport parameters, as can be seen near the vertical mirror
facet in Fig. 31, can play a significant role. Finally, a large area of the
exposed GalnAsP contact layer, which is commonly used for lowerresistance ohmic contacts, can become unstable in the phosphorus atmosphere, thereby complicating the InP mass transport. The GalnAsP layer
needs to be protected either by deposited oxide or a grown InP layer.
B.

Extracavity Deflector Devices

Vertical and parabolic-shaped angled mirror facets have been formed and
monolithically integrated with a double-heterostructure laser, as shown in
Figs. 27 and 31. The resulting surface emitting laser, whose L-1 characteristic
is shown in Fig. 32, was the first to operate cw at room temperature (Liau
and Walpole, 1985) with performance comparable to cleaved-facet edge
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(a)

(b)

Fig. 30. Optical micrographs of (a) an etched multistep mesa in a GaP substrate
and (b) its smoothing to form a microlens.

Fig. 31.
laser.

SEM showing the integrated mirror structure of a surface emitting diode
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Fig. 32. L-1 characteristic for a surface emitting diode laser operated cw at room
temperature. This laser, shown in the inset, was the first of its type to demonstrate
performance comparable to conventional edge emitting devices.

emitting lasers. This was made possible by the highly smooth mirror facets
afforded by the mass transport process (Fig. 31). It is worth noting that
these facets are passivated by the mass-transported cladding layer and are
potentially advantageous for improved device reliability.
In the fabrication of these lasers, stair-shaped grooves, like the one shown
in Fig. 27(a), are first formed in a double-heterostructure wafer by a two-step
photolithography and selective chemical etching process. Accurate mask
realignment and precision etching are needed to control the step width and
height, respectively, for the desired beam deflector profile. Mass transport
typically is carried out at 740oC for several hours. The mirror formation
can be checked by examining cleaved cross sections. Repeated mass transport runs may be used until the mirror formation is completed. Then, a
buried-heterostructure waveguide (Walpole et al., 1987) with a narrow active
region width of about 2 f.Lm is formed, again by selective chemical etching
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and mass transport, but at a temperature approximately 100°C lower. After
the contact alloying, angled evaporation of Ti and Au is carried out to coat
the beam deflector and the rear vertical mirror. Thicker Au plating is used
to ensure good electrical connection across the nonplanar buried-heterostructure mesa structure, as shown in the finished device in Fig. 33.
The early devices of this type demonstrated room-temperature cw operation with performance quite comparable to that of cleaved-facet edge
emitting lasers, as demonstrated in Fig. 32. Later results have shown low
threshold current of 6 rnA, high differential quantum efficiency of 50%, and
cw output powers over 30 m W. The far-field patterns, represented in Fig.
34, evidence narrowing due to the parabolic shape of the beam deflector
profile. However, considerable sidelobes are present because of deviation
from the exact ideal mirror profile. Also, the numerical aperture of the 45o
mirror is often not large enough to fully capture the widely diverging laser
light.
These surface emitting lasers can be readily made into monolithic twodimensional arrays (Walpole and Liau, 1986; Liau and Walpole, 1987). An
individually addressable 4 x 4 array is shown in Fig. 35. With the lower
contact resistance afforded by arrays fabricated in p-type substrates, the
lasers can be tested cw without bonding the array to the heat sink. Figure
36 shows one such test result, with the L-1 characteristics demonstrating
good uniformity for all but two lasers. The variations can be mapped and
Au CONTACT PAD

\

n-TYPE CONTACT

I
BEAM
DEFLECTOR

/
OUTPUT
MIRROR

Fig. 33. SEM showing a fabricated surface emitting laser from a perspective near
its emission end.
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Fig. 35. Infrared micrograph of the first monolithic two-dimensional surface emitting laser array operated cw at room temperature. The center-to-center spacing of
the emitting elements is 254 ~J.m in each direction.
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Fig. 36. L-1 characteristics for individual lasers of the array in Fig. 35 before
bonding to the heat sink. The lasers were operated cw at room temperature.

often correlated with morphological features in the wafer, because liquidphase epitaxy was used to grow the double heterostructure. Better uniformity
could probably be obtained by improved substrate quality and growth
technology. Good uniformity in both L-1 characteristics and emission
wavelengths is very important for many potential applications.
The first large array reported (Liau and Walpole, 1987), 160 devices
packed at a density of 4000 lasers/ cm 2 , is shown in Fig. 37. Similar arrays
have demonstrated total cw output of0.7 W at room temperature and 1.3 W
at 11 oc. At high packing densities, thermal cross talk can become an
important issue. A simple rule for avoiding thermal cross talk is for the
separation between the buried-heterostructure lasers to be no smaller than
the substrate thickness, since these devices are mounted junction side up.
Analytically, the heat flow can be modeled by conformal mapping (Liau et
al., 1988a), as shown in Fig. 38. The thermal resistance of heat generated
in the active region can then be expressed in a simple analytical formula
in terms of the active region width, device spacing, substrate thickness, and
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thermal conductivity. It can further be shown that thermal resistance due
to ohmic heat in the substrate is exactly half of that generated in the active
region (Liau et al., 1988a). This analysis assumes that the Cu heat sink on
which the array is bonded is always maintained at a constant temperature.
For a very large two-dimensional array, however, the heat flow ino the Cu
block becomes one-dimensional and can result in an overall temperature
rise for the array, unless measures such as microchannel coolant flow are
used to more efficiently remove the heat (see Chapter 10).
In summary, GalnAsP/InP surface emitting lasers with integrated extracavity deflectors have demonstrated performance comparable to state-ofthe-art cleaved-facet edge emitting lasers. The mass-transported mirror
facets are potentially of very high quality and reliability. To make these
devices more practical, however, considerably more development in basic
materials and fabrication is required. Specifically, uniform high-quality
substrates and epitaxial layers, precision lithography and etching techniques, and more understanding of basic material issues and precision
control in mass transport are all needed.

C.

Surface Emitting Laser Arrays with Integrated Microlenses

The angular width of the emission pattern from a diode laser is typically
quite broad (typically several tens of degrees in the direction perpendicular
to the active layer) and the emitting area of the lasers in a two-dimensional
laser array is typically a small fraction of the total area. These features limit
the intensity and brightness that can be obtained with such arrays unless
the output of each laser is collimated with its own lens. Arrays of lasers
with accurately aligned micro lens arrays are important for many applications
including end pumping of solid state lasers and coupling of the output from
many diode lasers into an optical fiber. Diode laser arrays with lenslets can
be used as illuminators by incoherently superimposing, in the far field, the
output of each element of the array. With coherent combining of the output
of the elements (Chapter 8), a high brightness beam can be obtained for
applications such as laser radar or free space optical communications. Other
potential applications requiring high intensity lasers are cutting and processing in commercial and medical areas. Therefore, the development of laser
arrays creates the need for corresponding microlens arrays. The microlenses
must have a large numerical aperture and good efficiency, both of which
significantly challenge most microlens technologies. In addition, optical
alignment and mechanical fixture of the microlens arrays can be rather
difficult to achieve and subject to various instabilities. In these areas, recently
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Fig. 39. (a) Longitudinal cross section of a diode laser with a monolithic integrated
microlens, showing the laser cavity formed by the spherical mirror, the waveguide
gain region, and the vertical mirror at the far end of the waveguide. The central
portion of the micro lens collimates the laser output. (b) Actual profile of the bifocal
microlens.
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developed semiconductor microlenses offer a potential solution because
they can be monolithically integrated with lasers.
One possible integration scheme is shown in Fig. 39(a) (Liau et al., 1990).
The microlens is first fabricated on one side of the substrate, in this case
by mesa etching and mass transport, as described earlier (Fig. 30). The
buried-heterostructure gain region is then fabricated on the other side and
is coupled to the micro lens by a 45° mirror. The outer part of the micro lens

VERTICAL
MIRROR

BURIEDHETEROSTRUCTURE
MESA

45o MIRROR

(a)

MICRO LENS

(b)

,..........c------·~
2541Jm

I

Fig. 40. (a) Visible micrograph of an integrated microlens-laser structure from the
laser side. (b) Infrared (transmission) micrograph of the same structure also from
the laser side, in which the underlying microlens can be seen. Note that the 45°
mirror and buried-heterostructure waveguide are centered on concentrated spots of
light produced by this microlens and an adjacent device.
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is actually made into a spherical mirror to provide feedback for the laser
oscillation, and the inner part is made into a lens to collimate the laser
output. An actual profile of a microlens is shown in Fig. 39(b).
Since the buried-heterostructure gain region (Liau and Walpole, 1982)
has a width of only approximately 1 IJ.ffi, the alignment between the microlens and the 45° mirror is rather critical. Accurate alignment can be achieved
by shining infrared light through the substrate and using the concentrated
spot of light produced by the microlens itself as the reference. If optical
feedback can be supplied to the laser cavity by other means, such as
distributed feedback or distributed Bragg reflectors, the alignment requirements for the integrated lens is less critical. For example, Stegmiiller
et al. (1991) have recently demonstrated microlens integration utilizing
distributed-feedback lasers with 11 rnA threshold current and 5 m W output
power.
Two micrographs of an integrated microlens-laser structure before metallization are shown in Fig. 40. Fig. 40(a) is an optical micrograph viewed
from the laser side, and Fig. 40(b) is an infrared micrograph revealing a
microlens on the other side of the substrate as well as the concentrated
spots of light produced by this microlens and an adjacent device. Initial
results for this device show pulsed threshold currents of 70-100 rnA and a
collimated output beam divergence of 1.25°. Although these threshold
currents are high for buried-heterostructure devices, they represent only the
initial results for a device still in its early stage of development. Further
perfection of the fabrication technology is expected to improve the device
performance. Questions concerning possible material degradation or dopant
diffusion during the high-temperature treatment in the fabrication of the
microlenses and mirrors also remain to be addressed.

IV.

CONCLUSIONS

Differential quantum efficiency is a good measure of the ultimate performance as well as the overall optical quality of surface emitting lasers with
integrated beam deflectors. The efficiencies that have been reported to date
for these devices are summarized in Table I. For 0.8-11-m wavelength lasers,
only hybrid arrays have demonstrated total differential efficiency comparable to that obtainable from cleaved-facet edge emitting devices. In the
AlGaAs/ GaAs material system, substantial improvements have recently
been made in the performance of monolithic arrays. Quantum efficiencies
as high as 56% have been achieved in arrays of horizontal-cavity surface
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emitting laser diodes, both with intracavity deflectors and with extracavity
deflectors. (Quantum efficiencies as high as 66% were recently obtained in
arrays oflasers with extracavity reflectors (Donnelly et al., 1992).) Threshold
currents within 10% of those of cleaved-facet lasers have been obtained in
arrays of lasers with extracavity reflectors. Based on these rapid improvements, it is anticipated that arrays with threshold current density and
efficiency close to those of cleaved-facet lasers will be achieved in the near
future.
In the case of the 1.3-j.Lm wavelength lasers, the best result of 50%,
obtained from devices fabricated by mass transport, should be compared
with the typical 60-68% total DQE exhibited by double-heterostructure
edge emitting lasers. In the GainAsP/GaAs material system it should be
possible to use mass transport to fabricate beam deflector devices that emit
in the same wavelength regions as AlGaAs/GaAs devices (Groves et al.,
1990). This possibility and further improvement in dry etching technology
suggest that still better performance can be expected in the future at any
of the wavelengths of interest.
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Chapter 6
SECOND-ORDER GRATING SURFACE
EMmiNG THEORY
Amos Hardy*, David F. Welch, and William Streifer
Spectra Diode Laboratories, San Jose, California

I.

INTRODUCTION

Grating coupled surface emitting (GSE) diode lasers are devices with the
potential of generating very high levels of coherent radiation from large
areas. The lasers employ a sequence of quantum-well gain sections interposed with second-order gratings that provide radiative output coupling,
distributed feedback, and power transmission to adjacent sections for coherent locking (Fig. 1). Such GSE structures have been demonstrated to emit
substantial output power in short pulses (Hammer eta/., 1987; Macomber
eta/., 1987; Noda et al., 1988; Kojima et al., 1988; Carlson eta/., 1988a,b;
Evans eta/., 1989; Welch et al., 1989a,c), and in the cw mode of operation
(Mott and Macomber, 1989). Furthermore, cw thresholds as low as 20 rnA
for single stripe (Welch et al., unpublished) and 230 rnA for pulsed broad
areas lasers (Welch eta/., 1989b) have also been demonstrated, as well as
external differential quantum efficiencies as high as 65% (Parke et al., 1990).
We limit ourselves, here, to the analysis of second-order gratings, used
for the coupling of multiple gain sections. Other grating structures, such as
nonresonant grating couplers (Buus eta/., 1989), vertical-cavity distributed
feedback (DFB) and distributed Bragg reflectors (DBR) lasers, have also
been reported (Schaus et a/., 1989; Dziura and Wang, 1989; Jewell et al.,
1989) are not discussed due to the difficulties in 2-D coherent coupling.
*On leave from Tel Aviv University, Israel.
SURFACE EMITIING
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Various grating-coupled surface-emitting laser geometries.

The behavior of GSE structures is quite complicated and depends on
numerous factors. First, there are lateral and longitudinal locking. For the
structures shown in Fig. 1, lateral phase locking may be provided either by
Y-junction arrays, evanescent coupling, or other means. For simplicity, we
consider, in this chapter, only longitudinal effects, the inclusion of lateral
effects is straightforward (Amantea et al., 1989). In the longitudinal direction, there exists a sequence of gain and grating sections. The gain sections
are pumped and most often the grating sections are composed of the same
material. However, the grating regions are generally unpumped so that they
display saturable absorption. If desired, the gain sections may be designed
and fabricated to be as nearly identical as possible. Similarly, one may
strive to obtain virtually identical grating sections. In practice, the sections
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may differ in various ways. The material compositions will not be precisely
constant over the wafer, the layer dimensions will vary from section to
section, and the lengths will not be identical. The pumping currents in the
gain sections also may differ.
The gratings will likely have identical periodicity depending on the
fabrication technique employed, but as a result of spatial variations in
composition and dimensions the propagation constants will differ spatially
along the length of the laser in parts of the wafer. Still other factors affecting
the behavior are the grating teeth shapes and heights, the lengths of the
gratings, their relative phases, and the non-linear effects caused by saturable
absorption in the grating sections.
Relative phase relationships of light reflected and transmitted from the
gratings, in particular, profoundly affect device operation. Although one
may view these as fixed, once the structure has been fabricated, the presence
of intensity dependent refractive index (anti-guiding) in the gain sections,
has the effect of changing the relative phases as a function of the saturated
charge in each gain section. In addition to all these effects, one must also
account for temperature variations over the wafer and as a function of time,
especially in dynamic situations.
The richness of phenomena influencing device behavior may be viewed
as a cause for concern, since the simultaneous control of dimensions,
materials, and temperature are difficult. On the other hand, the degrees of
freedom are large, which implies that by careful analysis, insight, and clever
design, one may achieve a system that is stable to dimensional and other
variations from chip-to-chip or with time.
The general case of many emitters is extremely complex. However, to
obtain some understanding of structures with many grating regions, we
begin with a study of second-order gratings and their properties. We continue
with threshold analysis of the simplest laser, which is composed of one
gain section located between two grating sections, and then study the
two-gain, three-grating GSE, which illustrates many of the effects characteristic of the longer structures.
Corrugated waveguide structures have been analyzed previously either
as passive optical elements or as components oflasers (Kogelnik and Shank,
1972; Yariv, 1973; Kogelnik, 1975; Yariv and Nakamura, 1977; Peng and
Tamir, 1974; Streifer et al., 1976a; Streifer et al., 1976b; Streifer et al., 1977;
Yamamoto et al; 1978; Kazarinov and Henry, 1985; Henry et al; 1985). In
the last application, both DBR and DFB configurations were employed to
select and stabilize wavelength. More recently, corrugations have been used
in high-power DBR, surface-emitting diode lasers and laser arrays, and
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several laboratories are involved in the fabrication of such devices (Noda
et al., 1988; Kojima et al., 1988; Carlson et al., 1988a,b; Welch et al.,
1989a,b ). To date, few analyses have considered the behavior of a grating
in the resonant situation, wherein the periodic structure provides reflection,
output coupling (radiation), and transmission to another gain section for
purposes of mutual injection locking (Hardy et al., 1989).
Consider, for example, the lasers illustrated in Figs. 1(a) and 1(b). In
Fig. 1a two gain sections are separated by a grating and in Fig. 1(b) several
gain and grating sections alternate. In such geometries, it is essential to
determine the light transmitted from one gain section through the grating
to the next gain section. The theory is also applicable to the configurations
shown in Figs. 1(c) and 1(d), where a grating and cleaved facet form
reflectors and where two gratings act as reflectors, respectively. In these
cases, transmission is less essential and, as will later be shown, it is even
beneficial to reduce it to a minimum in order to increase the external
quantum efficiency. The intent of the analysis given in Section II is to
increase the understanding and to provide design guidance for such devices
as shown in Fig. 1. Furthermore, the results form the basis for the calculation
of radiation patterns from GSEs. The analysis of Section II is limited to
second-order gratings fabricated on the surface of a passive waveguide, but
the theory is equally applicable if the grating is overcoated with a dielectric
or (with slight modification) a metal. The formulation is applicable to
arbitrary-shaped grating teeth, and a single-mode waveguide whose
dimensions, refractive indices, and absorption loss may be varied. Furthermore, we have included the possibility of a reflector located below the
waveguide in the substrate to determine its effect on reflection, transmission,
and the fractional power radiated in both directions orthogonal to the
propagation direction.
In Section III, we analyze the simplest laser that utilizes DBRs, namely
a gain section located between two grating sections as shown in Fig. 1(d).
Even this relatively simple device displays a variety of phenomena, and
clearly it is necessary to understand the many factors influencing the
behavior before one can design more complicated devices. Section III
analyzes such a laser at threshold and presents the results for several DBR
geometries. The analysis is carried out for arbitrary gratings, as are studied
in Section II (see also Hardy et al., 1989). That is, the tooth shape and
height, the waveguide losses, the presence of a substrate reflector, the section
lengths, and indeed the waveguide dimensions and compositions can all be
specified. Furthermore, the two grating sections need not be identical. A
formulation, which retains this degree of generality, has been developed to
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solve for the longitudinal modes of the structure. For each mode the net
gain required for threshold and the lasing wavelength are determined, and
the differential efficiency and radiation pattern are calculated.
In Section IV, we analyze GSEs that have two gain sections and three
gratings in the longitudinal direction. This is the simplest device that includes
the effects of light transmitted from one gain section into the other via a
grating section. Combined with the light reflected by the grating, back into
the gain section, the device becomes sensitive to small changes in its
parameters due to phase variations. In Section IV.E.l we analyze the effects
of asymmetric pumping, whereas in Section IV.E.2 the effects of uneven
gain sections are explored.
Our objective in Section IV is not to exhaustively quantify the dependence
on the large number of parameters that determine device behavior. Rather,
we present a formulation that together with earlier sections can be used to
evaluate the factors mentioned above. Although only a limited number of
situations are considered herein, we hope they are illustrative of some
considerations for a successful design. The ultimate objective is to achieve
a design that is relatively insensitive to some parameter variations. Such a
design is proposed and analyzed in Section IV.E.3. The results are not
completely general in that they apply to the two-gain, three-grating case,
and they are threshold results, but they are indicative of the directions that
can be explored.
The extension of the formulation to a larger number of gain and grating
regions is outlined in Section V. An expression for the external quantum
efficiency is provided in Section VI.D. The number of parameters that
determine behavior is much larger than in the cases discussed in Sections
II, III, and IV. Quite a few different designs are possible and are currently
under further exploration.

II.
A.

SECOND-ORDER GRATINGS

Propagating Modes and Partial Waves

Consider the geometry described in Fig. 2, where, for simplicity, only four
layers are illustrated. The TE mode satisfies the scalar wave equation

a2 By a2 By 2 2
+-- + k n (x, z)By(x, z) =
ax az 2 0

-2

0

(1)

where k0 is the free-space wave number and n 2 (x, z) is the refractive index
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The waveguide and grating geometry used in the examples.
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Refractive index squared of the "unperturbed" waveguide.

distribution squared, which is periodic in z (see Section VI.A). Thus we write
n 2 (x,z)=[n 0 (x)+i&(x)/k 0 f+

L

Aq(x)exp(i21Tqz/A)

(2)

q=-00
qT'O

where A is the grating period and the first term, in the squared brackets,
represents the unperturbed waveguide. The grating periodicity is treated as
perturbation and is represented by the Aq(x) Fourier coefficients. The A 0 (x)
term has been absorbed into the first, squared bracket term (Fig. 3), where
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&(x) represents the non-periodic gain (& < O) or loss (& > 0) [Section VI.a].
We note that the series expansion in Eq. (2) is only valid for the region
0 s z s L where the grating exists. Thus, within the same region, the field
is expanded in partial waves, namely;
co

(3)
m=-co

where

f3m = f3o+ 21Tm/ A

(4)

and {3 0 and Em(x, z) are to be determined.
In this work we are interested in the resonant case, for which f3-N = -{3 0
for some integer m = - N To be more specific, surface emitting gratings are
typically second order, that is, for m = -2, we have

f3_, =

0

/3-z = -f3o

(Sa)
(5b)

where the m = -1 wave is radiated away in a direction normal to the grating
(there are two such waves: one radiates into the air and the other into the
substrate), and the m = -2 wave is the backward propagating mode. For
this resonant situation, both E 0 and E_ 2 are coherent guided waves and
both must be considered of comparable importance in the calculation. Using
Eq. (4) one finds that the grating period A and {3 0 are related by the Bragg
condition
(6)

In the non-resonant situation, Eq. (5) is not satisfied (nor is there any other
integer m for which f3m = -{3 0 ). Such gratings are used as input or output
couplers for the mode propagating in the waveguide and radiate in a
direction that is different than the normal to the grating (see, for example,
Streifer et al., 1976b,c). Based on Floquet's theorem, the field By is expressed
as an infinite series of partial waves in a form similar to Eq. (3) except that
Em= Em(x) is independent of z. The Floquet theorem is exact for an
infinitely long grating but also is a good approximation for By in the
non-resonant case, when the grating has a finite length. A partial wave at
(x, z0 ) where 0 < z 0 < L and x < 0, describes a decaying plane wave ({3 0 is
complex due to radiation loss) that originates from the grating teeth at some
z < z0 • Thus some partial waves, in the Floquet expansion, originate at z < 0
where the grating does not exist. Similarly, plane waves propagating in the
- z direction may originate at z > L. Nevertheless, the Floquet expansion
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is still a good approximation since, usually, only a small fraction of the
total power is carried by any of these partial waves. In the resonant case
the situation is different. Since Im (f3m) is the same for all m, the partial
waves in the Floquet expansion have all the same exponential decaying
rate. In particular the counter propagating guided wave E_ 2 does not vanish
at z = L. Thus, unless light is injected into the grating section at z = L, that
match E_ 2 both in amplitude and phase, the Floquet expansion fails to
describe the actual physical situation. Therefore, one has to lift the restriction
on Em and we assume that it varies with z, i.e., Em= Em(x, z). Since Em(x, z)
is yet to be specified, the modified Floquet's expansion of Eq. (3) is always
correct. However, it is implicitly assumed that Em(x, z) vary slowly with z,
and the m = 0 term is the one which remains in the absence of the grating.
In the resonant case, the guided modes (m = 0, -2) are expressed in the form

E 0 (x, z) = R(z)E0 (x)

(7a)

Kix, z) = S(z)E0 (x)

(7b)

where R(z) and S(z) are slowly varying complex functions that are to be
determined and E 0 ( x) satisfies
d 2 Eo
2 2
2
dx 2 +[kono(x)-{3 ]E0 =0.

(8)

Under the assumption that all the partial waves have a similar z-dependence,
i.e.,
m¥0, -2,

(9)

we find after substantial manipulation (Streifer et al., 1977) that R(z) and
S(z) satisfy the modified coupled differential equations
dR/ dz = (-a+ io + i~ 1 )R + i(K* + ~2 )S
-dS/ dz = (-a+ io+ i~ 1 )S+ i(K + ~4)R

(lOa)
(lOb)

where

a=~ foo n 0 (x)&(x)E~(x) dx
f3oQ

is the mode gain or loss,
Q=

and

K

(11)

-oo

J: E~(x)

dx

(12)

is the coupling coefficient given by

J''

2
0
K=A_ 2 (x)E~(x) dx.
k2f3oQ
o

(13)
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Note that the integral in Eq. (13) is restricted to the grating's teeth section
since Aq(x) = 0 outside that region. For a rectangular grating whose teeth
occupy half a period, A_ 2 (x) = 0, and, therefore, also K = 0, but as will be
later shown, the reflection is non-zero. In Eq. (10), 8 is a measure of the
wavelength deviation from the Bragg condition given by (6) namely
(14)

8=f3-f3o.

The other constants in (lOa) and (lOb) are defined below, but first we note
that the same constant appears in both equations. Beginning with two
different constants, ?1 and ?3 , it can be shown by an involved mathematical
argument that they are in fact identical. Furthermore, if the grating teeth
are symmetrical, ?2 and ?4 are related by
(15)
In general the constants are defined by the following summations
00

00

r -

!>!-

(o)
"'
L.. T/q,-q',

L:

?3 =

q=-00
qr'0,2

00

00

r -

!>2-

TJ ~~!i-q·

q=-00
qr'0,-2

"'

(-2)

L.. TJ q,-q''

q=-CO
qr'0,2

r -

!>4-

"'
L..

(o)
TJ q,-2-q'

(16)

q=-00
qr'0,-2

where
2
(")
= (ko/2f3o)
TJ/,

J't
0

(')

Ar(x)E0 (x)E/ (x) dx,

j = 0, -2

(17)

and the partial waves E~n(x) are the solutions of
2

(j)

)
k2A
Ul _
2 ] Em-d Em [k2ono2( X ) -f3m
0 m-j ( X ) Eo ( X'
--2-+
dx

j=O, -2,

m -=i' j.
(18)

Since E(O~(x) is generated by the wave propagating in the +z direction, g1
represents the reaction of all partial waves, both radiating and decaying,
back on the+ z wave. Similarly, g3 ( = g1 ) represents the reaction of all partial
waves excited by the -z wave back on itself. Note that the guided modes
E 0 (x, z) and E_ 2 (x, z) are not included in these summations; their effect is
represented by the coupling coefficient K [see Eq. (13)]. The quantities g2
and g4 differ from g1 • They represent coupling effects via the partial waves
and are "corrections" to the coupling coefficient. Thus, for rectangular
gratings whose teeth occupy half a period, the coupling coefficient is zero
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but the "corrected" one is not. Solutions to Eqs. (8) and (18) are discussed
in Section VI.B.
B.
1.

Symmetry Relations
Grating Translation

Suppose the grating is shifted relative to the origin by an arbitrary distance
~z = d such that w1 (x)-'-> w1 (x) + d ( w1 is modified to w1 +d) and w2 (x)-'->
w2 (x) + d (see Fig. 2). One finds that Aq(x)-'-> Aq(x) exp ( -i27Tqd/ A) [see
definition of Aq(x) in Section VI.A]. As a result, g1 -'->g1 , g2 -'->g2 e-;"' and
g4 -'-> g4 e;"' where cp = 47Td I A. The last term in each of the coupled mode
equations (10) is multiplied by either e-i<P or e+i<P and, therefore, with
boundary conditions of R(O) = R 0 and S(L) = 0, the R(z) wave remains the
same whereas S(z)-'-> S(z) e;"'. The partial waves also have a phase change
E~l(x)-'-> E~J(x) exp [ -i27T(m- j)d/ A].
2.

Grating Reversal

Since a grating translation results, as explained above, in constant phase
shifts, we may assume with no loss of generality that the x-axis is located
on one of the grating teeth (as in Fig. 2). Taking the mirror image through
the x-axis we find that w1 (x)x-'-> A- wix) and w2 (x)-'-> A- w1 (x). Therefore,
using the defining equations, one finds that Aq(x)-'-> At(x ), K-'-> K*, g1 -'-> 6,
and g3 -'-> g1 • Since g1 = g3 in the first place, neither is affected by the grating
reversal operation. On the other hand, g2 and g4 are interchanged namely
g2 -'->g4 and g4 -'->g2 • The coupled mode equations (10) are the same except
that K + g4 and K * + g2 are interchanged. Thus, for boundary conditions of
R(O)=R 0 and S(L)=O, we find that R(z) is unchanged whereas S(z)-'->
S(z)(K*+g2 )/(K+g4 ). The partial waves have a somewhat more complicated symmetry, namely E;~l(x)-'-> E~-~~ 2 (x), E;,;- 2 J(x)-'-> E(O!n_ 2 (x).
Combining translation and grating reversal one finds for symmetric teeth,
that Eq. (15) is satisfied, and if the x-axis is located at the center of the
symmetric tooth then K = K* (real) and g2 = g4 •
C.

Solutions to the Coupled Mode Equations

Consider a guided mode propagating in the uncorrugated waveguide and
entering the corrugated region at z = 0 (see Fig. 4). Its complex amplitude
at that point is denoted R(O). The corrugated section is assumed to extend
for a length Land to be characterized by the constants K, ?1 , ?2 , and ?4 •
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Fig. 4. Illustrating the waveguide-grating structure and the reflected, transmitted,
and radiated waves.

Furthermore, the propagation constant in the corrugated waveguide is {3,
which may differ from the Bragg condition of {3 0 = 27T /A by 8 = {3- {3 0 •
Similarly, let us assume that a counter propagating guided mode impinges
on the corrugated region at z = L with complex amplitude of
S(L) exp ( -i{3 0 L). The guided wave in the corrugated region, in accordance
with Eqs. (3) and (7), is expressed in terms of the two counter propagating
modes as
E(x, z) = E 0 (x)R(z) exp (i{3 0 z) + E 0 (x)S(z) exp ( -i{3 0 z),

(19)

where R(z) and S(z) satisfy the coupled mode equations (10) with the
boundary conditions specified above. The solutions to Eq. (10) are given by
R( z ) = y cosh [ y(L- z)] -(-a+ io + iq 1 ) sinh [ y(L- z)] R(O)
y cosh ( yL)- (-a+ io + iq 1) sinh ( yL)

+
S(z)=

i(K*+q2 )sinh(yz)
( )
SL
y cosh ( yL)- (-a+ io + iq 1) sinh ( yL)

(20a)

i(K+q4 )sinh[y(L-z)]
R(O)
y cosh ( yL)- (-a+ io + iq 1 ) sinh ( yL)

+

ycosh(yz)-(-a+io+iq1 )sinh(yz) ()
SL
y cosh ( yL)- (-a+ io + iq 1 ) sinh ( yL)

(20b)
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where
(21)
In particular, for R(L) and S(O) we can use a scattering matrix notation,
namely
(22)
where
E(+l(O) = R(O)

(23a)

E<-l(L) = S(L) exp ( -i{3 0 L)

(23b)

are the guided mode field amplitudes incident on the grating and
E<-l(O) = S(O)

(23c)

E(+l(L) = R(L) exp (i{3 0 L)

(23d)

are the field amplitudes propagating away from the corrugated region. The
+ or - superscript denote propagation in the positive + z or negative - z
direction. The field transmissivity is independent of the direction of propagation, i.e., T(+l = T<-l = T for any tooth shape where
T

=

r exp (if3oL)
r cosh ( rL)- (-a+ iB + igt) sinh ( rL) ·

The field reflectivities are given by

p(±)

where

C+l _
P

(24)

i(K + g4) sinh ( rL)
- rcosh(rL)-(-a+iB+ig1 )sinh(rL)

(25a)

and
C-l _
P

i(K*+g2 ) sinh ( yL) exp (i2{3 0 L)

- rcosh(rL)-(-a+iB+ig1 )sinh(rL)

(25b)

The power reflection for the R wave at z = 0 is given by Ip<+ll 2 when S(L) = 0,
and similarly IP<-ll 2 is the power reflection coefficient for the S wave at
z = L when R(O) = 0. The power transmissions are given by H 2 •
The near-field intensity of the guided modes is given by IE(x, zW of Eq.
(19). However, due to rapid complex exponentials in Eq. (19), one obtains
a high-frequency, nearly periodic wave. Averaging that standing wave we
find that the guided wave intensity pattern is proportional to
(26)
and, in general, it is nonzero throughout the laser, including the grating
regions as well as the gain sections between any two gratings.
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We note that cross terms do not appear in Eq. (26) since they average
to zero over each spatial period for the guided waves. These results are not
directly applicable to the evaluation of the near field that causes radiation
in the grating regions. Since power conveyed by both R(z) and S(z) are
each converted into a near normal wave with the same propagation constant
in the same direction by the grating, their contributions to the radiated field
add. Thus, the locally radiated power up into the superstrate (usually air)
of index na (n 1 in Fig. 2) is expressed as

Iu(z)

=

2kona

IC~LR(z)+ C~!~iS(z)j2

(27)

Wf.to

and the locally radiated power into the substrate of index n, (n 4 in Fig. 2)

I s(z) = kons

2wt-t 0

(1-1Rmi 2 )IC~i.MR(z)+ C~i~LS(z)j2

(28)

where the coefficients CS!i,m are defined in Section VI.B. The values of these
coefficients depend on the presence of a substrate reflector, which is specified
by the complex field reflectivity R,n- The parameter t-to is the vacuum
permeability and w is the angular frequency of the light. Note that for
symmetric teeth the constants multiplying R(z) and S(z) are identical, and
the locally radiated power, either up or into the substrate, is proportional to

IrCz) = IR(z) + S(z)j2.

(29)

Equations (27) through (29) are nonzero only in the grating regions where
the guided waves are converted into radiation.
The useful power output from the grating, due to radiation up into the
air (superstrate), is obtained by integrating Eq. (27) over the grating length
namely
Pu =

IL
IL

Iu(z) dz

(30a)

and similarly the power radiated into the substrate is

P,=

I,(z) dz.

(30b)

The power incident on the grating at either end is given by

Pin(O) = f3oQ IR(O)j2
2wt-t 0

Pin(L) = f3oQ IS(L)il
2wt-to

where Q is defined by Eq. (12).

(31a)
(31b)
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In the special case that power is incident on the grating region at one
end only [say S(L) = 0], we may find it useful for later application to define
normalized power radiated into the air or into the substrate, namely

kona fLIC(O)
I(
-Pu
z
-1.1 z
z + c<-2lS()I2d
-1,1R ()
- J3oiR(OW
0Pin)
U0
S

=

P./ Pin(O) =

J3oi~~~W (1-1Rml

2

)

tL IC~l,MR(z)+ C~1:~s(z)i2

(32a)

dz.

(32b)
Finally, the far-field pattern of the wave radiated up into the air is given
by (Goodman, 1968)
H(iJ-)=cos(iJ-)

tL E~- 1 l(x=O,z)exp[-ik0z1'J-]dz,

(33)

where E~- 0 (x = 0, z) is the complex radiating field just above the grating
E~- 0 (x = 0, z)

= C~l. 1 R(z)+ C~-;:IS(z).

(34)

We note that for the second-order gratings discussed here, the peak of
IH ( 1'J-W is close to, but not exactly at 1'J- = 0. In particular for 8 :;6 0, the
peak of IH( iJ-W is close to 1'J- = 8/ k 0 na (Streifer et al. 1976b).

D. TMModes
Most corrugated devices are designed to operate with TE modes. However,
gratings for TM mode couplings were also considered in the past. In order
to couple TM modes preferentially, the grating period should satisfy Eq.
( 6) with /3 0 at or close to the propagation constant of the lowest-order TM
mode. In such a case, Eq. (5) will still be valid with radiation emerging
nearly perpendicularly to the grating surface. The analysis of such a device
is more complicated though. The reason for this is that the electric field
component is no longer continuous across the tooth boundary. The coupled
mode formalism (Kogelink, 1975) expands the electric and magnetic field
components in a complete set of modes of the unperturbed waveguide.
Usually, forTE modes, one ignores all terms but those that are related by
the Bragg condition [Eq. (6) for second-order gratings], since their field
amplitudes are significantly larger than the others. In the case of the
second-order gratings, some of the radiation terms may also be included
(Yamamoto et al., 1978). However, for TM modes, due to the field discontinuities the expansion coefficients have a jump across the tooth boundary
and their derivatives are very large (strictly speaking, they are proportional
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to Dirac's delta-functions). It is not clear then which terms in the expansion
can be ignored and which cannot. Ignoring some important terms may
violate the boundary conditions of the perturbed waveguide.
An example that underscores this problem is the calculation of the
coupling coefficient K. Instead of Eq. (13) for TE modes, Streifer et al.,
(1976a) derive two different integral expressions for TM mode-coupling
coefficients. These two expressions may differ quite significantly when the
index difference across the tooth boundary is large [Hardy, A., unpublished]
as is the case in many surface emitting devices where the corrugations are
at the air-semiconductor interface. Nevertheless, in the limit of very shallow
gratings, exact analytical expressions for the coupling coefficient are available. Various approaches are used for gratings with different tooth shapes
(Verly et al., 1980; Stegeman et al., 1981; Hardy, 1984). It turns out that in
all cases the coupling coefficient for the TM modes is obtained through
multiplying the expression for the TE coupling coefficient by the same
reduction factor. Since these analytic expressions may not be useful for
deeper gratings, we shall restrict ourselves to the more common TE mode
coupling devices.
E.

Examples

The basic waveguide geometry used in most of the examples in this section
has a t3 - t 1 = 200 nm-thick waveguide of index n 2 = n3 = 3.6, which is
bounded below by n4 = 3.4 index material (referred to as the substrate),
and above by air (sometimes referred to as the superstrate) with unity index.
The grating teeth are assumed here to be rectangular in shape, but results
were also presented for triangular teeth (Hardy et al., 1989). In the analysis,
rectangular gratings that extend 20 nm or 100 nm above the waveguide were
considered. These tooth heights, t 1 , encompass the range of gratings used
in experimental devices. Furthermore, various grating lengths, L, were
studied. Unless otherwise specified, the modal field absorption loss is set
equal to 10 em-', and the deviation from the Bragg condition is zero. The
wavelength is 0.8 ,__.,m, and the grating period for the geometry equals one
wavelength of the laser light in the waveguide. The grating period, A, is,
therefore, approximately 232 nm, but the precise value of A depends on
the tooth height and shape. Moreover, if the refractive indices or waveguide
thickness are changed, the grating period at which resonance occurs must
be modified so that the Bragg condition is satisfied.
For our first study we consider the effect of a multistack reflector
(Thornton et al., 1984) located some distance below the waveguide in the
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substrate. Such a substrate reflector is characterized by a complex field
reflectivity, whose impact on the grating radiation, reflection, and transmission is to be determined. The presence of the reflector should reduce
the power lost to the substrate and redistribute that power into the air or
into the guided modes. Since the fields propagating toward and back from
the reflector both traverse some distance, the effect of the reflector will vary
depending on its precise location. Rather than model the distance dependence directly, we assign a phase to the complex reflectivity that accounts
for various reflector positions. Because the light travels back and forth from
the grating to the substrate reflector, and since the substrate index is 3.4, a
change in the location of the reflector of only 120 nm corresponds to full
27T phase shift in the reflection coefficient. The substrate reflector is assumed
to be located sufficiently below the waveguide (> 1 1-1m) so that the evanescent tails of the guided and non-radiating partial waves have decayed before
being influenced by its presence.
The grating to be analyzed is assumed to extend 100 nm into the air and
its tooth width, 11 1 , is taken to be A/2. In Fig. 5 the amplitude of the
substrate field reflectivity has been set equal to 0.95 (for a power reflection
of 0.9 = 0.95 2 ) and the phase has been varied through 27T. The power radiated
into the substrate is quite small. At its peak, which occurs just below 7T,
slightly over 8% of the power is lost and for most reflector locations, that
value is much smaller. However, we also observe that the power radiated
into the air is not always enhanced by the presence of the reflector. Indeed
at 0.85 7T, the radiated power into the air approaches zero. This may be a
desirable situation if an edge emitter with maximum grating reflectivity and
minimum surface emission is desired. The conclusion to be drawn from
this data is that a substrate reflector can be helpful either for a surface or
edge emitter, but only if it can be precisely located to produce the appropriate
behavior.
The same calculation was repeated for t 1 = 20 nm and L = 300 1-1m (Hardy
eta!., 1989) in order to determine the dependence of the reflection, radiation,
etc. on the tooth height when phase (Rm) is varied. Although the shapes
of the curves are not very similar to those of Fig. 5, they do have some
features in common. Namely, the general dependence of the radiation into
the air and the reflectivity on the phase.
In a second example illustrated in Fig. 6, the grating height is again set
equal to t 1 = 100 nm, the tooth width is Ll 1 = 0.5 A, and the grating length
L = 50 1-1m. The phase of the substrate reflector is fixed at 7T and the
amplitude reflection coefficient is varied. The dependences of reflection,
radiation, etc., are uncomplicated. As expected with increasing reflectivity,
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Fig. 5. Reflection, transmission, radiation, and absorption versus the phase of the
substrate field reflectivity [magnitude (Rm) = 0.95] for a rectangular grating with
t 1 = 100 nm, d 1 = O.SA, and L =50 f.Lm.
the substrate reflector minimizes the radiated power into that medium. The
important and somewhat unexpected result is that the radiated power into
the air is not strongly dependent of the substrate reflection magnitude. The
calculation was repeated with phase (Rm) = 71'/2. The dependencies of the
radiation, reflection, etc., on the magnitude of Rm, differ slightly from those
obtained with phase (Rm) = 71'. The same geometry was evaluated also with
t 1 = 20 nm, rectangular teeth of width~~= 0.5A, and L = 300 f.Lm, and phase
(Rm) = 0.571'. All the dependences illustrated in Fig. 6 were qualitatively
unchanged, although with this shallow grating the radiation into the air
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of the substrate field reflectivity [phase (Rm) = 7T] for a rectangular grating with
t 1 = 100 nm, ~ 1 = O.SA, and L =50 J.Lm.

was enhanced. These calculations lead to the general conclusion that the
phase of the substrate reflectivity affects the performance of the device
profoundly, whereas the magnitude of Rm is much less critical in determining
device behavior. Because the substrate reflector position is difficult to control
precisely with presently available technology, and because the phase of Rm
is so critical, we set Rm = 0 in the remainder of this section.
Another interesting fact is also revealed by the previous calculations.
When conventional coupled-mode theory, which ignores radiation, is
applied to calculate grating reflection for the rectangular grating with teeth
equal to one-half period, i.e., A1 = 0.5A, it predicts that the coupling
coefficient for reflection, K, is identically zero. In the above examples where
A1 = 0.5A, the coupling coefficient K remains zero, however, ?2 and ?4 are
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not zero and the power reflectivity is quite substantial. The large reflection
results from the interaction of the radiating fields with the grating to couple
power back into the guided modes. This effect is enhanced by the reflected
field from the substrate reflector for phase (Rm) = 0.81r as shown in Fig. 5
for t 1 = 100 nm.
The effect of the tooth width ~ 1 on the grating performance is illustrated
in Fig. 7. At the leftmost end, the teeth vanish and only the 200 nm-thick
waveguide remains. The reflectivity and radiation are zero. Near the other
extreme, the grating teeth almost equal the period, and the grating, in effect,
consists of very narrow 100 nm-deep groves in a 300 nm-thick waveguide.
The grating length is L =50 tJ.m. Note that at the extremes where ~ 1 = 0 and
~ 1 =A, the grating vanishes and the waveguide thicknesses become 200 and
300 nm, respectively. These different thicknesses cause the modes near ~ 1 = 0
and ~ 1 =A to differ quite significantly and therefore their interactions with
the grating are asymmetrical. Another contributing factor to the asymmetry
is the quite strong interaction of the guided and radiated fields with the
high teeth for all values of ~ 1 • Note also that at ~ 1 / A= 0.5 the power
reflectivity approaches 46% despite the fact that the coupling coefficient, K,
is identically zero and no substrate reflector is included. As mentioned
previously, this results entirely from the reaction of the radiation and the
other partial wave fields on the guided modes as represented by ?2 and ?4
in Eqs. (lOa) and (lOb). Furthermore, the reflectivity dips to slightly above
15% for ~ 1 / A= 0.4, but even this value may be adequate to achieve a low
threshold in a DBR laser.
The effect of varying the tooth height for a grating with ~ 1 / A= 0.5,
L =50 tJ.m, and no substrate reflector present is illustrated in Fig. 8. We
observe that for small tooth heights the substrate power exceeds that radiated
into the air, but for greater tooth heights the situation is reversed. Qualitatively similar results are obtained for ~d A= 0.25 and 0.75. We note that
the curves for radiation into the air and radiation into the substrate, intersect
near A/ 4 and A/2. This indicates that some transverse resonance effects
take place within the tooth. These data demonstrate that rectangular secondorder gratings with ~ 1 / A= 0.5 can be employed to provide feedback in
DBR lasers. Specifically, a power reflectivity of 30%, attained in Fig. 8 at
t 1 >52 nm is equivalent to that of an edge emitter with a cleaved facet. For
longer gratings, however, a given power reflectivity is obtained with still
smaller tooth heights.
The next calculation examines the importance of loss in the corrugated
waveguide region. Here the rectangular grating teeth extend 50 nm above
the waveguide; ~ 1 = 0.5 A and L = 500 tJ.m. No substrate reflector exists. As
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tJ-ID, with no substrate

.:l 1 , for a rectangular grating with t 1 = 100 nm, and L =50

reflector.

the modal field absorption coefficient is increased, we observe in Fig. 9 that
the reflection decreases, but the radiated power is relatively insensitive to
the variations. For all values of a the transmitted power is negligible as
one would expect for a 500 1-lm-long grating. Results for a symmetrical
triangular grating are quite similar.
The next example is in some ways the most important, since it addresses
deviations from the Bragg condition. When a laser of the types illustrated
in Figs. l(a)-(d) is pumped to threshold, the condition that must be satisfied
is that the round-trip gain equal unity in magnitude and be a multiple of
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27T in phase. Since the optical length of the gain region is not well controlled
and, in fact, changes as the active region refractive index is modified by
the injected charges, it is not possible to precisely predetermine the
wavelengths at which the round-trip condition will be satisfied. In addition,
when a series of gain regions separated by gratings are arranged as in Fig.
1(b) to implement injection-locking, all the gain regions will oscillate in a
mutually coherent fashion and the optical frequency in all the grating regions
will be identical. The gratings or waveguides may, however, differ slightly
and even small variations in dimension or material composition will cause
some detuning from the Bragg condition.
Figure 10 is a plot for a 100 nm-high, symmetrical rectangular (d 1 = O.SA)
grating of 100 J.Lm length. No substrate reflector is present and the absorption
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Fig. 10. Reflection, transmission, radiation, and absorption versus the deviation
from the Bragg condition, 8, for a rectangular grating with t 1 = 100 nm, d 1 = 0.5A,
and L = 100 ,_,.,m.
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coefficient is 10 cm- 1 • The horizontal axis is marked in units of cm- 1 and
for 0.8 J.Lm light, the guided mode propagation constant is 27.07 J.Lm - 1 • Thus,
a deviation of B = 300 cm- 1 corresponds to a wavelength shift of -0.89 nm
from the Bragg condition. The peak reflectivity shown in Fig. 10 is 62%
and the full-width at half-maximum is approximately 430 cm- 1 • Actually,
semiconductor lasers will function quite well even with much smaller
reflectivities and the width between 10% points in Fig. 10 is on the order
of 1000 cm- 1 or 2.95 nm. The radiated power increases away from the
reflectivity peak, which itself does not occur precisely at the Bragg condition.
The peak shift from the Bragg condition is in fact caused by the complicated
interaction of the two counter-propag ating modes with the radiation fields.
We observe too that the transmitted power is much larger for negative
deviations, which as noted previously correspond to longer wavelengths.
For wavelengths below the Bragg condition, the radiation is strong and the
transmitted power is quite small.
A similar study was carried out for t 1 = 20 nm, ~~ = 0.5A, and L = 300 J.Lm.
The curves have approximately the same dependence on B as Fig. 10 with
two differences. First, they are more nearly symmetric about o= 0, as
expected for shallow gratings (Kogelnik, 1975), and second, the substrate
radiation exceeds the power radiated into the air for t 1 = 20 nm, which is
just the reverse of the situation for t 1 = 100 nm.
Finally, the near-field and far-field patterns of the radiating mode are
shown in Fig. 11. The grating parameters are the same as in Fig. 10, and
o= 0. Such a radiation pattern is expected for a surface emitter with a single
grating as in Fig. 1(c), although due to the resonance condition (see Section
IV), the laser may operate at a wavelength that slightly deviates from the
Bragg condition. Note that the far-field peak slightly deviates from t7 = 0°
(despite having o= 0) due to a slow near-field phase variation along the
grating.
F.

Conclusions

In this section, results of an analysis of second-order gratings used as DBRs
in surface emitting lasers, have been presented. The analysis yields parametric dependences that should prove useful in the understanding and
design of GSEs. The data are also essential for calculating radiation patterns
produced by such lasers. It has been shown that the use of substrate
reflectors, of the type previously demonstrated, can have beneficial effects
on the grating reflectivity and, to a lesser extent, on the radiated power.
However, since the overall behavior of the device is very sensitive to the
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Fig. 11. The radiating mode near-field and far-field intensity patterns for a rectangular grating with t 1 = 100 nm, ll 1 = 0.5A, and L = 100 J.LID.

reflector position, the substrate reflector must be precisely located relative
to the waveguide and grating.
The analysis also shows that the interaction of the radiating modes with
the grating serves to modify the effective grating reflectivity. This effect can
be so pronounced as to dominate the predictions of conventional coupledmode theory, which neglects radiation effects. Other data relate to variations
in tooth shape and height. Insofar as sensitivity is concerned, the grating
height is also a very important parameter.
The effects of losses and detuning from the Bragg condition have also
been studied. In a representative case we find that significant reflectivity
(within 10% of the peak reflectivity) can occur over substantial wavelength
bands on the order of 2 to 3 nm, that the reflection and the other power
fractions as functions of the deviation from the Bragg condition are not
symmetric, and that the peak reflectivity does not occur precisely at the
Bragg condition. These effects are caused by the complicated interactions
of the guided modes, the radiation fields, and the evanescent partial
waves.
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TWO GRATINGS-ONE GAIN SECTION

Geometry and Definitions

The simplest GSE laser geometry, with a DBR configuration, is shown
schematically in Fig. 12. It consists of a gain or active section of length L,
located between two waveguide sections with second order gratings oflength
Lg 1 and Lg 2 • The grating period A is identical for both corrugations (thus,
{3 0 is identical) and is assumed to closely approximate the optical wavelength
in each guide. However, the situation in which the two waveguides differ
slightly is encompassed by the analysis.
Near the resonant wavelengths the second order gratings act as DBRs
and as output couplers (see Section II). When excited by a guided wave,
the induced polarization in the grating teeth generates a reflected guided
wave, and radiating waves into both the substrate and superstrate. In general,
some incident power is also lost in the waveguide, and some may be
transmitted after passing along the length of the grating. The various
fractions of the incident power are denoted by R =reflected, T =transmitted,
U =radiated into the air (superstrate), and S =radiated into the substrate.
The parameters U and S are defined in Eq. (32) whereas T = lr[ 2 and
R =I p(±ll 2 are obtained by Eqs. (24) and (25a, b) respectively.
The fractional power lost in the grating to optical absorption and scattering is then given by
A=1-R-T-U-S

(35)

When appropriate, subscripts 1 and 2 will be used to designate the radiation,

Fig. 12. Schematic of the geometry of a laser composed of two gratings and one
gain section, and the fractional powers reflected, radiated, transmitted, and absorbed.
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transmission, etc., in the two grating sections. In particular, we note that
R1 =I p~+ll 2 and R 2 =I p~-ll 2 •

B.

Threshold Condition

Upon increasing the gain in the central section the laser will attain threshold.
Since the grating reflectivities for the optical fields are complex, the threshold
condition is given by (Yariv and Nakamura, 1977) as
(36a)
and
(36b)
where g is the net modal power gain in the active section of length L, and
¢ 1(A), ¢ 2 (A) are the phases of the complex modal field reflectivities p 1 and
p 2 of the gratings. Furthermore, f3a(A) is the modal propagation constant
in the gain section and q is an integer approximately given by f3aL/ 'TT. Note
that f3a is not necessarily identical to {3 0 or to {3 0 + 8. To solve for the
longitudinal modes of the system, i.e., the active section plus the two DBR
sections, we evaluate (according to the analysis of Section II) R~> R 2 , ¢~>
and ¢ 2 as functions of the deviation from the Bragg condition in the grating
sections
wherej= 1, 2

(37)

where f3 0 =27T/A and f3j(A) is the propagation constant in grating section
j. We note that {3 0 is the same for the two gratings if the period A is the
same. However, {3 1(A) ¥- {3 2 (A) (for the same A) if the two waveguides differ
in material composition or thickness. With a knowledge of the variations
in these quantities as functions of A, the threshold gain g(A) is determined
to satisfy Eq. (36a). Then the imposition of the resonance condition Eq.
(36b) with {3a(A) yields the various longitudinal mode wavelengths. Each
of these is associated with a value of q. The variation in the active section
real refractive index with gain, which modifies f3a(A), can also be included
in the formulation if so desired.
C.

The Radiation Differential Efficiency

For each longitudinal mode resonance, the field distributions in the grating
sections can be found by the equations of Section II. In that process it is
first necessary to determine the relative amplitudes of the fields incident on
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each grating-gain section boundary. Just as for a laser with two dissimilar,
discrete reflectors, the ratio of power flow impinging on the two grating
sections is given by (Thompson, 1980)
PI/ p2 = (R2/RI) 112 •

(38)

Knowledge of the superstrate grating parameters ul and u2 together with
Eq. (38) suffice to compute the differential efficiency for radiation from the
gratings into the air. We obtain
T)o =

TJiTJo (1- R2)~ + (1- R 1 )JR;

(39)

where TJi is the internal differential efficiency, and

In (ljR 1 R2)
2alL+ In (ljR 1 R2)

T]o = _ __;_.:...._-=-=--

(40)

represents the fractional net power entering the grating sections. This term
is similar to the power coupled through the end mirrors in edge emitters
(Yariv, 1989). In Eq. (40), a 1 is the optical power loss per unit length of
the mode in the active section and the actual modal threshold gain exceeds
g by a 1• Eq. (39) is derived in Section VI.C. The derivation neglects the
effects of losses at the boundary between the grating and the gain sections
of the laser. For identical, symmetrical gratings, R 1 = R 2 , U 1 = U 2 , and
T)o = T];T]o U /

(1- R)

(41)

where U/(1- R) < 1, which follows from Eq. (35) since A, T, S are all
positive quantities.
It is important to recognize that the factor U/ (1- R) or the more complicated expression in Eq. (39) reduces the maximum differential efficiency of
a GSE in comparison with a conventional edge emitter. To maximize the
differential efficiency so that TJo = 1] 1 TJo, the grating should be designed and
fabricated for low substrate radiation (S« 1), low transmission (T« 1), and
low loss (A« 1). Then U may approach (1- R) and the surface emitter
differential efficiency will increase toward that of an edge emitter with the
same reflectivities. Finally, if so desired, the useful radiation could be
extracted via the substrate. Equations (38) through ( 41) are still valid except
that Uij = 1, 2) must be replaced everywhere by Sj(j = 1, 2).
D.

Far-Field Radiation Patterns

To evaluate the far-field pattern for a particular longitudinal mode, it is
necessary to determine the relative phases and magnitudes of the modes in
each grating section. The complex modal amplitudes entering the grating
sections 1 and 2 are denoted Rij = 1, 2), and each incident mode generates
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a counter-propagating mode with amplitude Si(j = 1, 2) (see Section II). If
z is set equal to zero at the junction of the gain and grating section j (at
the left end of grating 1 and the right end of grating 2 in Fig. 12), with z
increasing into the grating section, Ri and Si satisfy the coupled differential
equations (lOa, b), with boundary conditions Si(Lgi) = 0 for each grating
separately. The solutions for Ri, Si, and the field reflectivities are given in
Section II. Note that a in Eq. (10) represents the modal field absorption,
whereas in diode laser theory a 1 [see Eq. (40)] is the modal power loss.
Thus, modal power loss in the grating sections is characterized by 2a in
this chapter. When the grating heights or tooth shapes are not identical in
waveguide sections 1 and 2, or when the waveguide's losses, dimensions,
or compositions differ, the constants K, ~~, ~2 , ~4 , a, and 8 will not be the
same for the two gratings.
The far-field radiation pattern of a single emitter extending from z = 0
to z = Lg is given by Eq. (33) in Section II, where {} is measured relative
to the normal to the emitter. Note that Eq. (33) is an expression for the
optical field and not the intensity (power). Thus, the radiation field of
grating 1 is H 1 ( {} ). To evaluate the field radiated by grating 2, we observe
first that laterally shifting the grating by d, so that it extends from z = d to
z = d + Lg, modifies the far-field pattern H 1 ( {}) by a multiplicative factor
exp [ -ik0 diJ]. We then define the ratio of the incident, complex modal
amplitudes to be
(42)
R 2 / R 1 = TJ exp (ic/>),
where 4> is the relative phase and
= R:/4 =

YJ

RY

4

(p

2) 112

PI

(43)

[see also Eq. (38)]. The combined intensity pattern of two gratings excited
as descrihed ahove is 11iven hv

F( {})

=

IH

1(

iJ) + TJ exp ( i4>) exp [ + ik0 LiJ ]Hi-{} )12,

(44)

where L is the length of the active section or equivalently the grating
separation and the angle in H 2 is reversed to compensate for having let
z increase into both grating sections. The subscript for grating 2 has
been changed to signify that its geometry may not be the same as that of
grating 1.
E.

Examples

The refractive index variation of the waveguide/ grating geometry to be
studied in the following examples is shown in Fig. 3, with n 1 = 1 (air),
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n2 = 3.49, n 3 = 3.42 and n4 = 3.36. It represents the continuation of a singlequantum-well, separate-confinement-heterostructure laser into an unpumped waveguide region. In this model, the 10 nm-thick active layer is
neglected in the grating section and the discontinuity experienced by the
guided mode between the gain and grating section is disregarded. The
grating is etched into the 3.49 material of thickness t 2 = 200 nm to a depth
t 1 =50 nm. The 3.42 material has thickness of t3 - t 2 = 200 nm, and the free
space wavelength is equal to 0.8 f.Lm.
The propagation constant {3j, j = 1, 2, in the waveguide just described
can then be determined as a function of A for each grating geometry. The
grating period, A, is then specified by setting {3/A) = {3 0 , for A= 0.8 f.Lm, in
these examples if the two gratings and waveguides are identical. If the
waveguides or gratings differ, {3 0 and A are fixed by choosing {3 1 (A) = {3 0 ,
for A= 0.8 f.Lm. In the following examples the grating sections in all the
devices are identical and L = Lg 1 = Lg 2 = 300 f.Lm [see Fig. 12], and unless
otherwise noted, the modal field absorption in the grating region is a =
10 em - 1 • The power loss in the gain section is a 1 = 5 em_, and we set YJ; = 0.95
[see Eqs. (39) and (40) ].
For our first example the grating tooth has a sawtooth shape as shown
in the insert of Fig. 13, where the tooth orientation is such that the mode
travels from left to right in grating region 1 and oppositely in grating region
2. Figure 13 is a plot of net threshold modal power gain in the active section
as a function of deviation from the Bragg condition computed by solving
Eq. (36a). On that scale 8 = 10 cm- 1 corresponds approximately to ~A=
-0.03 nm. The vertical lines in Fig. 13 are the longitudinal mode resonances
at the solutions of Eq. (36b ), and it is evident that the mode nearest the
Bragg condition has the lowest threshold. For that mode at 8=7.5cm- 1 ,
the net threshold modal power gain is g = 26 em - 1 • Since the sawtooth
grating is not symmetrical, the various power fractions Rj, Uj, Sj, Aj, and
Tj, differ for j = 1 and 2. Their values are listed in Table I.
For this device, the reflection from grating 1 is about three times stronger
than that for grating 2, and the fractional power radiated from grating 2
into the air exceeds that from grating 1 by almost a factor of five. The actual
power radiated from each grating also depends on the relative incident
powers. If the power incident on grating 1 is normalized to 1.0, then the
power incident on grating 2 is 1.67. The relative powers radiated into the
air are the product of this ratio and Uj. Therefore, that value for grating 2,
normalized to 1.0 for grating 1, is 8.3, or for this device grating 2 radiates
8.3 times the power of grating 1 into the air. Similarly, the ratio of grating
2 to grating 1 substrate radiated power is 42.3, and overall less than 25%
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Fig. 13. Net threshold modal power gain versus deviation from the Bragg condition
for a grating surface emitter with sawtooth shaped teeth. For this example a =
10 cm- 1 t 1 =50 nm, L = L 81 = L 82 = 300 fLm, and 8 = 10 cm- 2 corresponds to llA =
-0.03 nm. The longitudinal mode resonances are shown.

Table I
Fractional power flows and relative
powers for a grating surface emitter
with sawtooth-shaped teeth. For this
example a= 10 cm- 1 t 1 =50 nm,
L = L 81 = L 82 = 300 fLm, and
8 = 10 cm- 1 corresponds to
llA = 0.03 nm.

R

u

s
T
A
Pinc(grating)*
P,.d(air)*
P,.isubstrate)*
* Normalized.

Grating 1

Grating 2

0.759
O.D25
O.Dl8
0.008
0.190
1.0
1.0
1.0

0.273
0.124
0.456
0.008
0.139
1.67
8.3
42.3
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of the radiated power is emitted into the air. The effect of the low radiation
efficiency calculated above is to lower the differential efficiency. If we set
7];=0.95, and take a 1 =5cm- 1 , then 7] 0 =0.84, 7]g=0.159, and 7] 0 =0.127.
The radiation pattern of the lowest threshold mode of this laser is plotted
in Fig. 14. Because of the differences in the individual radiation patterns
and the powers from the two gratings, the far field is not symmetric. Indeed
from the relative power values one might expect a still more exaggerated
distortion, but we recall that the pattern results from the interference of the
fields, which are proportional to the square root of the power. The peak is
off-center at 0.015°, and the lobe width is 0.053° full-width at half-maximum
(FWHM).
As a second example, we consider a laser with the same dimensions as
studied above and rectangular gratings with half-a-period tooth width. In
order to determine the effect of losses in the grating region, the device is
evaluated for modal field absorptions of a = 10, 100, and 200 em_,_ Threshold gain versus 8 for the two extreme cases are plotted in Fig. 15, where

• a= l0cm· 1

• g =50 nm
•

L = Lg 1 = Lg 2 = 300 J.lm

•

Peak at 0.015°

•

FWHM = 0.053°
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Fig. 14. Far-field radiation pattern for the dominant mode in the geometry of Fig.
13. The central lobe peak is at 0.015° and the lobe full-width half-maximum
(FWHM) = 0.053°.
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8 1 = A/2 and 8 = 10 cm- 1 corresponds to 8A = 0.03 nm. The longitudinal mode
resonances are shown.

the longitudinal mode resonances are shown. As expected, the relative
longitudinal mode discrimination is much greater for the low-loss case.
Data for the dominant longitudinal mode, including deviation from the
Bragg condition, the threshold power gain, the fractional power distributions
in the gratings, and the efficiencies with TJi = 0.95, are tabulated in Table
II. Since the gratings are symmetric, both are excited and radiate equally.
The laser with the lowest loss in the grating section again has the highest
differential efficiency of =15%, and we also note that if the output were
taken through the substrate that value would be more than doubled.
The effect of grating absorption on the radiation pattern is illustrated in
Fig. 16. With increasing absorption, the central lobe broadens, more power
is contained in the side lobes, and the side lobe separation increases. All
these phenomena follow from the decreased penetration of the mode into
the grating section with increasing absorption. Specifically, for a= 100 cm- 1
the intensity decreases approximately three times more rapidly than for
a= 10 cm- 1 • Furthermore, if one attempts to relate the calculated patterns
to those produced by two discrete (point) radiators spaced by D, the lobe
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Table II
Comparison of the longitudinal mode
resonances, the threshold gains, the fractional
power flows, and the differential efficiencies for
a grating surface emitter with rectangular-shaped
teeth and a= 10 cm- 1 , a= 100 cm- 1 , and a= 200 cm 1 .
Parameters
o(em- 1 )
LlA(nm)
g(em- 1 )
R

u

s
T
A
T/o

T/g
TID= T/;T/oT/g

a=

10 em- 1

-10.27
O.Q31
34
0.349
0.120
0.274
0.028
0.229
0.875
0.184
0.153

a=

100 em- 1

-9.83
0.030
94
0.060
0.082
0.187
0.000
0.670
0.949
0.087
O.o78

a=

200 em- 1

-10.57
0.032
126
0.023
0.060
0.140
0.000
0.880
0.962
0.061
0.056

separation obtained from A./ D for a= 10 em-\ yields D = 591 ,_..,m for
0.8 ,_..,m light. This value agrees well with the penetration of the mode into
the grating sections as do the results for a = 100 em_,, D = 422 ,_..,m and for
a =200cm- 1, D=385 fLm.
To understand the effects of variations in the grating tooth height, the
previous calculation has been repeated with a= 10 em_, for t 1 = 20 and
t 1 = 80 nm (Hardy et al., 1990a). Noteworthy is the large decrease in threshold that occurs when t 1 is increased from 20 to 50 nm. The drop in threshold
with a further increase in tooth height to t 1 = 80 nm is much smaller, but
the differential efficiency improves substantially to 29% for the highest teeth.
With t 1 = 80 nm, approximately the same power is radiated into the substrate
and the air (see Section II.E).
Radiation patterns for t 1 = 20 and 80 nm (see Hardy et al., 1990a) both
exhibit two symmetrical lobes, which is characteristic of an out-of-phase
mode. Thus, for these two grating heights, the waves in gratings 1 and 2
associated with the lowest threshold longitudinal mode have opposite
phases, whereas for t 1 =50 nm the two grating fields are in-phase for the
dominant mode, resulting in one central lobe at{}= 0° [see Fig. 16(a)]. We
observe that the second mode for t 1 =50 nm is double lobed (Fig. 17). Not
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Fig. 16. Far-field radiation patterns for the dominant mode in the geometry of
Fig. 15 with (a) a= 10 em-\ (b) a= 100 em-\ and (c) a =200 cm- 1 .
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Fig. 17. Far-field radiation patterns for the second longitudinal mode in the
geometry of Fig. 15 with a= 10 cm- 1 and t 1 =50 nm.

surprisingly the longitudinal modes alternate in phase as a function of 8
or equivalently A.
The effect of a multistack reflector (Thornton et al., 1984) located some
distance below the waveguide in the substrate is assessed in the following
example. A similar superstrate reflector was suggested previously
(Yamamoto et al., 1978). Such a reflector located below the active region
above the substrate reduces the power radiated into the substrate (Hardy
et al., 1989), and redistributes that power among the other quantities R, U,
T, and A. As previously noted, the substrate reflector may be characterized
by a complex field reflectivity whose phase is determined by its precise
position below the waveguide. In this example, the grating teeth are rectangular (occupying half a period) t 1 =50 nm, and the modal field absorption
in the grating region is a= 10 cm- 1 • The magnitude of Rm, which is the
field reflectivity of the substrate reflector, is assumed equal to 0.95 and both
phase (Rm) = 7T and 0.57T are considered.
Figure 18(a) is a plot of net threshold power gain g versus 8 for phase
Rm = 7T, and we note that two longitudinal modes have very nearly the same
thresholds. Values of g, 8, the grating parameters, and the differential
efficiency are listed in Table III. The lowest threshold longitudinal mode
in this device is displaced dA = 0.192 nm from the Bragg condition, and its
far-field (not shown) is double lobed. The second lowest threshold mode
lases virtually at resonance, 8 = 0.24 cm- 1 or dA = -7 x 10- 4 nm, and radiates
predominantly in a single lobe. For the particular value of phase Rm in this
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Fig. 18. Net threshold modal power gain versus deviation from the Bragg condition
for a grating surface emitter with rectangular shaped teeth and a substrate reflector.
In this example, a= 10 em-\ t 1 =50 nm, L = Lg 1 = Lg 2 = 300 f.Lm, a 1 = A/2 and 15 =
10 em - I corresponds to a A = 0.03 nm. The longitudinal mode resonances are shown.
(a) Rm = 0.95ei", and (b) Rm = 0.95ei"/ 2 •

example, the differential efficiency is substantially increased to 42% for the
lowest threshold mode; however, that is not the case for other values of
phase Rm as will be shown. Net threshold power gain versus B for magnitude
Rm = 0.95 and phase Rm = 0.57r is plotted in Fig. 18(b) and data are tabulated
in Table IV. Once again the two lowest threshold modes are approximately
degenerate in threshold; the dominant longitudinal mode is farther from
the Bragg condition; it radiates in two lobes (not shown). The second
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Table III
Comparison of the lowest and second
threshold longitudinal mode
resonances, the threshold gains, the
fractional power flows, and the
differential efficiencies for a grating
surface emitter with rectangular shaped
teeth and a substrate reflector. For this
example Rm = 0.95ei", a= 10 cm- 1
t 1 =50 nm, L = Lg 1 = Lg 2 = 300 f1m, and
15 = 10 cm- 1 corresponds to
~A= -0.03 nm.

Parameters
B(cm- 1 )
CiA(nm)
g(cm- 1 )
R

u

s
T
A
77o
7]g

77D

Lowest
Threshold
-63.6
0.192
44.5
0.263
0.364
0.068
0.066
0.239
0.899
0.494
0.422

2nd Lowest
Threshold
0.24
-0.0007
58.7
0.172
0.291
0.055
0.148
0.335
0.922
0.352
0.308

threshold mode radiates in a single lobe. The most remarkable data are the
lower thresholds and the low differential efficiencies for this case. Thus
changing the phase of Rm from 7T to 0.57T, which corresponds to shifting
the substrate reflector by =0.03 f.Lm, has the effect of increasing the grating
reflectivity by a factor of =2.5 and reducing the differential efficiency by a
factor of 5. We thus conclude that the phase of the substrate reflectivity
affects the behavior of the device profoundly, and the position of the
substrate reflector must be precisely controlled if it is to be utilized.
The final device to be studied in this section is one in which the grating
periods are identical as previously so that {3 0 is the same in both grating
sections. However, as the result of either minute compositional or
dimensional differences, the propagation constants in the two grating sections are not identical. In grating 1 we assume the waveguide dimensions
and indices are such that {3 1 ={3 0 =27T/A at A=0.8f.Lm, and 8 1 (A)=
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Table IV

Comparison of the lowest and second
threshold longitudinal mode resonances, the
threshold gains, the fractional power flows,
and the differential efficiencies for a grating
surface emitter with rectangular-shaped teeth
and a substrate reflector. For this example
Rm=0.95ei"'12 , a=lOcm- 1, t 1 =50nm,
L = L8 , = L82 = 300 ~J.m, and l5 = 10 cm- 1
corresponds to A.A = -0.03 nm.

Parameters
8(cm- 1 )
A.A(nm)
g(cm- 1 )
R

u

s
T
A
1/o
1/g
1/D

2nd Lowest
Threshold

Lowest
Threshold

-20.0
0.060
27.2
0.442
O.G25
0.039
0.159
0.336

45.0
-0.14
26.2
0.454
0.055
0.087
0.115
0.289

0.845
0.044
O.G35

0.840
0.100
0.080

{3 1 (A)-{3 0 • For grating 2, however, the waveguide is slightly modified to
increase its effective index. Thus {3 2 = {3 0 at some wavelength longer than
0.8 j.Lm, and with the definition 80 (A) = {3 2 (A)- {3 1 (A) (8 0 is a weak function
of the lasing wavelength) we have 80 (A) = 141 em-', which corresponds to
an 0.425 nm shift in the vicinity of 0.8 j.Lm. Under the conditions outlined
above, the reflectivity of grating 1 peaks at 8 1 (A) = -18 em-', in immediate
proximity to the Bragg condition. The maximum reflectivity of grating 2
occurs at 8 1 (A) = -159 cm- 1 • Now by using the calculated reflectivities for
the gratings as described above, we compute the curve of net modal power
gain at threshold and the longitudinal mode resonances, which are plotted
in Fig. 19.
Several features of these results are worthy of discussion. First we note
that two longitudinal modes, each corresponding to one grating resonance,
have comparable thresholds, but not surprisingly these thresholds are higher
than for the devices previously studied. The dominant mode with g =
58.9 cm- 1 lases at 8 1 = -23.4 cm- 1 or A= 0.80007 j.Lm, whereas the second
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Fig. 19. Net threshold modal power gain versus deviation from the Bragg condition
of grating 1, for a grating surface emitter with rectangular-shaped teeth. The peak
reflectivity of grating 1 occurs very near A= 0.8 J.Lm whereas that of grating 2 is at
A=0.8005J.Lm. In this example, a=10cm- 1 , t 1 =50nm, L=Lg 1 =Lg 2 =300J.Lm,
~ 1 = A/2 and 8 1 = 10 cm- 1 corresponds to ~A= -0.03 nm. The longitudinal mode
resonances are shown.

has a threshold gain of g = 67.3 em_, and a resonance at 8 1 = -108 em_, or
A= 0.80033 1-lm. Were the length of the active region increased slightly so
as to shift the longitudinal mode resonances slightly to more negative values
of 8 1 , the modes would shift toward the peak reflectivity of grating 2 and
would become more nearly threshold degenerate. However, because of the
asymmetry in the threshold curve of Fig. 19, which results from the asymmetry of the individual reflectivity curves, it appears as if the dominant
mode will lie nearer to 8 1 = 0 than 8 1 = -140 cm- 1 regardless of changes in
the active section length.
The longitudinal modes discussed in the preceding paragraph have
approximately equal differential efficiencies of 21% and both radiate in
asymmetric patterns. The far-field pattern for the dominant mode is shown
in Fig. 20(a), and the radiation pattern emitted by the second longitudinal
mode at A = 0.80033 J.Lm is plotted in Fig. 20(b). Note the reduced radiation
contrast as compared to Figs. 16(a) and 17. One may observe a similar
contrast reduction when the two gratings do not emit coherently.
These results illustrate the sensitivity of the radiation pattern to differences
in the two waveguide regions. For a difference in resonant Bragg wavelength
of half the above value, i.e., 8 0 (A) = 70.7 em-', the longitudinal mode, which
is resonant near A = 0.8 J.Lm is again dominant and radiates in a pattern
similar to that shown in Fig. 20, but the subsidiary lobe is now much reduced

A. Hardy, D. F. Welch, and W. Streifer

308

1.0

-....
--...
·c;;
cCll
c

0.8

"A

= 0.80007 f.im

0.25

0.50

0.6

Cll

;

CIS

~
~

0.4
0.2
0
-0.75

-0.50

-0.25

0

0.75

Angle (degrees)

(a)

1.0

-....

·c;;
cCll
....c

-...

"A = 0.80033 f.im

0.8
0.6

Cll

;

CIS

~
~

0.4
0.2
0
-0.75

-0.50

-0.25

0

0.25

0.50

0.75

Angle (degrees)

(b)
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in amplitude and power. The longitudinal mode discrimination is also
improved, and we conclude that a waveguide-grating mismatch of 0.25 nm
between two grating sections is acceptable.

F.

Conclusions

In this section results of a GSE analysis for lasers with a gain section
interposed between two second-order gratings have been presented. The
analytical results include an expression for differential efficiency in terms
of the grating parameters and expressions for the radiation pattern. Computations, based on the formulation, solve for the longitudinal modes of the
device. For each longitudinal mode, the threshold gain, differential efficiency
and the far-field radiation pattern are evaluated.
The data show that the spacings of the longitudinal mode resonances are
determined primarily by the length of the gain region between the gratings,
and the lowest threshold mode usually lases at some wavelength close but
not identical to that predicted by the Bragg condition. Longitudinal mode
selectivity is enhanced for higher grating teeth and lower losses in the grating
sections. As expected, asymmetrical grating tooth shapes generate asymmetric radiation patterns, but even gratings with symmetric teeth usually
emit in a direction, at least slightly displaced from the normal to the grating.
The far-field patterns alternate between predominantly single- and doublelobe output, and in roughly half the cases, the latter pattern will be favored.
In general, differential efficiency is reduced from that of a coated, cleavedfacet laser because of several effects. Some power is transmitted through
the grating section, some is lost to absorption in the grating sections, and
if the output is taken from the radiation into the air, the power radiated
into the substrate is lost as well. The last source of loss can be eliminated
by the use of a substrate reflector, and the inclusion of such a reflector is
generally beneficial. However, it is also possible to locate the reflector such
that it acts to cancel the radiation and the laser then has a still lower
differential efficiency.
The effect of differing Bragg wavelengths in the two grating sections has
also been examined. Such differences can be caused by small variations in
waveguide dimensions or compositions, even if the grating periods are
identical. For a laser whose Bragg wavelengths differ by 0.5 nm, we find
that two longitudinal modes are almost threshold degenerate, and the mode
patterns are significantly distorted and displaced from the normal. With the
difference reduced to 0.25 nm, the situation is much improved, and the
device behaves in an acceptable manner.
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IV.
A.

THREE GRATINGS-TWO GAIN SECTIONS

Discussion of the Geometry

We consider a GSE geometry in which there are two gain sections, flanked
by two grating sections and separated by a central grating section as shown
in Fig. 21. The gratings all have identical periods and the gain sections may
or may not have equal lengths L 1 and L 3 • But even if L 1 = L 3 , the fact that
they can be differentially pumped, in effect, encompasses to some degree
cases where they may differ in gain or length. Consider two situations as
discussed in the following paragraphs.
In the first case, the three gratings are assumed to be fixed in position
relative to each other. Now suppose that the center grating is increased or
decreased in length by a relatively small amount, on the order of a fraction
of a period to several periods. The increase or decrease can be characterized
by a change in the phase of the light transmitted and reflected by the grating.
If the change in effective grating length is compensated by an identical
phase increase or decrease of either or both gain sections, the relative phases
of the reflections and transmission from the center grating are to a good
approximation unchanged, and our calculations indicate that device performance is also virtually unaffected. We note that the modified gain section(s)
with the same pumping current will have a slightly different optical length
under these conditions as a result of anti-guiding, but that change is
insignificant. This situation is illustrated schematically in Fig. 22. Here we
show three gratings fixed on a wafer relative to one another. We visualize

e
p~-)

c

Fig. 21. A two-gain, three-grating surface emitter illustrating the parameters,
reflections, and transmission.
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Illustration of two gratings that behave equivalently.

that the planes labelled "A" are the boundaries of the gratings on one GSE,
and those denoted "B" are the boundaries on another GSE. According to
our argument given previously both devices behave very similarly.
For the second case, the position of the central grating is not fixed as in
the previous case. Instead we envision it being shifted along the laser length
such that the new teeth positions do not coincide with the former positions.
Now the device behavior may be radically modified. Such effects are also
observed with a fixed grating if the two pump currents are separately adjusted
to achieve threshold. Assume one current is set at a relatively low level,
and the second is increased to attain threshold. At and above the threshold
condition, the charge densities in the two sections saturate at different levels
and the effective optical lengths differ. Thus, in effect, the central grating
has been shifted. In Section IV.E we study that situation in more detail.

B.

The Threshold Condition

The geometry to be modeled is shown in Fig. 21. The two gain regions are
L 1 and L 3 in length and the complex field reflectivities p 1, p~±), p 3 , and
transmissivities T~±), are all functions of wavelength (or equivalently {3) and
in all cases T~+l = T~-J, as discussed in Section II. Note that p 1= Pl-) and
p 3 = p~+l. In terms of these quantities, the threshold condition is given by
(Hardy eta/., 1990b)
P1P3T~+) T~-) exp [ i2({31 L1 + {33L 3)] exp [ ( 0 1+ 0 3 )(1- ib )]
=

{1- p 1 p~+) exp (i2{31LI) exp [ 01 (1- ib)]}
x {1- p 3 p~-) exp (i2{33L3) exp [ 0 3 (1- ib )]}

(45)
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where G 1 = g 1 L 1 , 0 3 = g 3L 3 are the net power gain-length products of the
two gain sections, b is the anti-guiding factor, and {3 1 , {3 3 are the propagation
constants for the condition of zero gain or, equivalently, transparency. Note
that this condition is attained at some non-zero injected charge density
where the gain just compensates for the internal losses. Below that charge
density the gain is negative.
In Eq. (45), G 1 , 0 3 , and the lasing wavelengths of the longitudinal modes
are the unknowns. They are determined by requiring that the magnitudes
of both sides of Eq. (45) be equal and identical in phase at threshold. This
problem is underspecified since there are many pairs of G 1 , G 3 • For
example, one may set the two equal and find G = G 1 = 0 3 and A. More
generally, one may specify a ratio between G 1 and G 3 , or a fixed difference
G 3 - G 1 • The equation then contains only one unknown gain and resonant A.
To solve Eq. (45), the propagation constant (or the wavelength) is varied
in the vicinity of the Bragg condition. For each wavelength the complex
reflectivities and transmissivities of the gratings are computed, and the
resulting quadratic equation is solved for the remaining gain variable G 1
or G 3 • Only real values of G are physically acceptable and each corresponds
to a longitudinal mode solution. The various resonant wavelengths are
determined by this technique, and one longitudinal mode has the lowest
threshold. The solution with the lowest gain is dominant, and all other
longitudinal modes can be ordered according to increasing threshold. In
this manner one can determine the stability of a mode relative to its nearest
competitors.

C.

The Radiation Quantum Efficiency

As for the two-grating case (Section III), the field reflectivities, transmissivities and relative field amplitudes incident on each grating section
(Fig. 21) must be found for the longitudinal mode resonances. With these
parameters known, we can calculate the total power loss in gain section j

(j=1,3)
ppl =(~~~:){I PIE~-)1 2 + IP~+l E~+)+ r2E~-ll 2 }(::) {exp ( G1) -1}

(46a)

P\ 3) =(~~~:){I p3E~+ll 2 + Ip~-) E~-) + r2E~+ll 2 } ( ::) {exp ( G3) -1}

(46b)

where Gj = gjLj (j = 1, 3) and T~+) = T~-) = r 2 was assumed. The normalizing
factor Qj is defined in (12) and for identical waveguides as considered here
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(except for length) Q 1 = Q3 = Q and {3 1 = {3 3 = f3 where f3 = {3 0 + 8. The power
lost in each grating section via all channels (see Fig. 12) is
(47a)

(47b)
for gratings 1 and 3, and

(47c)
The useful power output pr,jl (j = 1, 2, 3) from any of the three gratings,
due to radiation up into the air (refractive index n 1 ) is given by Eq. (30a).
In particular, using Eq. (32a) for the two end gratings (j = 1, 3) we have

ul ( 2~~J

(48a)

P~3 ) = 1£~+)1 2 ( 2~~J

(48b)

P~0 = IE\-)1

2

u3

but for the center grating the integration of Eq. (30a) yields a more complicated expression. With the above definitions, we find that the external
differential quantum efficiency is given by
(49)
or, in analogy to the dual grating case (Section III)
(50)
where T/i is the internal quantum efficiency, and
(51a)

(51 b)
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It is straightforward to show that for a laser composed of two gratings (e.g.,
ppl = P~3 l = 0), Eq. (50) reduces to Eq. (39). More detailed calculations of

the quantum efficiency are given in Section VI.D.

D.

The Radiation Far-Field Pattern

As in the case of two gratings (Section III), one determines, first, the relative
phases of the modes in each grating section. The far-field pattern, radiated
by gratings 1 and 3 are similar to those derived for the two gratings in
Section III. However, for the center grating, one finds it more convenient
to separate the contribution of the forward propagating mode, E~+l, from
that of the backward propagating mode, E~-l (Fig. 21). Assuming that for
each of the incident waves (i.e., E~-l, E~+l, E~+l, and E~-l) separately, z is
set equal to zero at the junction of the gain and grating section, with z
increasing into the grating section, one finds that the far-field intensity
pattern satisfies
F( it)= IE~-) H 1( - it) exp [ik0 (L 1 + Lg 2 /2)it]

+ E~+l H~+l( it) exp [ik0 (Lg 2 /2)it]
+ E~-J H~-J(- it) exp [- ik0 (Lg2 /2)it]
+ m+J H3( it) exp [- ik0 (L3+ Lg 2 /2) t?-] 12

(52)

where the superscript (±) in H 2 is to include non-symmetric gratings for
which Eq. (33) may differ depending on the propagation direction [for
symmetric gratings H~+J(it)=H~-J(-it)]. The angle in H~-l and H 1 is
reversed to compensate for having let z increase in the opposite direction.
The various exponential multiplicative factors in Eq. (52) are due to the
lateral grating shifts as in Section III for two gratings.

E.

Examples

1.

Asymmetric Pumping

As an example, we consider a symmetric situation in which both gain
sections are exactly 300 f.Lm in length and the anti-guiding factor, b which
is variously assumed to lie between 1.5 and 6 (Osinski and Buus, 1987), is
set equal to 2. The three grating sections are also all identical, their teeth
are rectangular and occupy half the grating period. The gratings are located
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as shown in Fig. 21. The waveguide dimensions and refractive indices are
(see Fig. 3)n 1 = 1, n2 = 3.49, n3 = 3.42, n4 = 3.36, t 1 = 50nm, t 2 =200nmand
t3 = 400 nm. The propagation constant in the grating regions for A = 0.8 J..Lm
is {3 0 = 26.525 J..Lm -t, so that the second-order grating period is A= 21T / {3 0 =
0.23688 J..Lm. For simplicity we assume that {3 1 and {3 3 equal {3 0 •
Each grating, without loss of generality, is assumed to consist of an integer
number of teeth. In light of our earlier discussion, the precise number of
teeth and/ or fractional teeth do not profoundly influence device behavior
subject to maintaining the relative phases of the light transmitted and
reflected by the gratings. Thus, without loss of generality, the number of
teeth is arbitrarily set exactly to 844 for a length of 199.925 J..Lm. This choice
covers a variety of similar cases. To be specific, for example, if the central
grating length is extended to the left by half a grating period, i.e., A/2, then
a reduction in the optical length of the adjacent gain section IlL will
compensate if {311L = {3 0 A/2, where f3 is the propagation constant in the
gain section, and IlL is the reduction in length of the gain section. The
change in a gain section length IlL has a minor secondary effect on the
refractive index because of the anti-guiding, but that has been neglected,
and as noted previously f3 = {3 0 •
Figure 23 illustrates the locus of g 1 versus g 3 (where Gi = giLJ for the
dominant and second lowest threshold longitudinal modes of the symmetric
GSE described above. As expected the results are symmetric in g t. g3 ,
although the axes have different scales in Fig. 23. The threshold for the
lowest threshold mode with identical pumping is g 1 = g3 = 30.2 em -t, and
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for this case the second-mode threshold is given by g 1 = g 3 = 33.2 em -I. We
note that between (g~o g 3 ) = (37.6, 27.1) cm- 1 and (g~o g 3 ) = (27.1, 37.6)
em -I, one mode is dominant. At those limiting values the two modes become
degenerate and their thresholds are reversed outside this range. The situation
is represented more clearly in Fig. 24, which displays an expanded plot of
Fig. 23.
Over most of the range the dominant and second-mode threshold differ
by roughly 10%, whereas the third mode threshold gain is approximately
double the first and second. The maximum difference between modes 1 and
2 occurs at about (g 1 , g 3 ) = (20, 40) cm- 1 for the dominant mode. Near
degeneracy also occurs for (g 1 , g 3 ) = ( -40, 46) em -I, but when one of the
gain sections is not pumped to above transparency, the situation may be
less interesting in the applications. For near-symmetric pumping when
g 1 = g 3 , the dominant mode is near the Bragg condition with a deviation
of B = 13 cm- 1 or =-0.04 nm. The second-mode deviation is =-54 cm- 1 or
+0.16 nm. The dependences of deviation on g 1 are shown to be rather weak
in Fig. 25.
The guided wave intensity Ig(z) and the radiating near-field Ir(z) [see
Eqs. (26) and (29)] for the symmetric case with g 1 = g 3 = 30.2 cm- 1 are
plotted in Fig. 26. Since both the geometry and excitation are symmetrical,
the fields must be either symmetric or anti-symmetric. Clearly the near-field
guided wave power is symmetric, as shown by the curve of Fig. 26. The
radiating field Ir(z), however, passes through zero at the center of the
structure indicating that the phase changes at that point. We also observe
that the radiating intensity is much reduced in the center grating region, as
compared with the outer grating sections. The lower radiating near field in
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the center grating section indicates that the overall radiation losses are
smaller, resulting in a lower threshold. This is as expected since the lowest
threshold mode has a combination of lower losses and higher gain than the
second, third, etc.
In this geometry, the second-order mode is also antisymmetric and the
third-order, higher threshold mode, whose deviation from the Bragg condition is -52.5 em_,, is symmetric. The high third-mode threshold directly
results from its large radiation power, which acts as a loss mechanism. The
near-fields for this mode are shown in Fig. 27, where it is evident that the
high optical intensity in the central grating causes the large radiation.
The far-field (radiation) pattern of the dominant asymmetric mode of a
symmetrically pumped laser is shown in Fig. 28. A null is evident at the
center as is expected from the asymmetry, and many lobes exist because of
the interference between the two outer gratings. Figures 29 and 30 present
the same results for asymmetric pumping, i.e., (g 1 , g 3 ) = (-8.5, 45.1) em -I.
Here, as expected, we observe very little optical energy in the lightly pumped
gain section and the corresponding outer grating. Once again, the far-field
has a null at zero indicating that the radiation from the two radiating gratings
are out-of-phase.
As a second example we consider the effect of small differences in gain.
Assume (g~> g3 ) = (27.4, 36.2) cm- 1 , which could result from material
variations. Note too that since these numbers refer to net gain in excess of
transparency and internal losses, the pumping currents need not differ
greatly. The near- and far-field patterns for this pumping situation are shown
in Figs. 31 and 32. The latter is especially interesting since we observe that
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Fig. 26. The near-field intensity pattern for the dominant longitudinal mode with
threshold gains of g 1 = g 3 = 30.2 cm- 1• This mode oscillates at a- 12.3 cm- 1 (.:lA.=
-0.37 A) away from the Bragg condition. Due to the symmetry of the structure, the
near field is either symmetric or antisymmetric (the intensity pattern is symmetric).
The solid line represents the local intensity of the propagating guided mode. It does
not vanish anywhere along the structure. The radiating near-field intensity pattern
is represented by the broken line, and is non-zero only in the grating regions. Note
the radiation null at the center of the second grating, which minimizes loss and
reduces the model threshold gain.

the contrast in the far-field pattern is reduced. In this case, the radiation
from each of the gratings is fully coherent, but the pattern does not exhibit
full contrast.
Before concluding the discussion in this subsection, it is interesting to
ask if all the points for the lowest threshold mode in Figs. 23 and 24 are
accessible. First, we recall that one cannot adjust the gains, but only the
currents. Thus, to speak of setting a value of gain implies that the laser is
below or just at threshold. With this in mind, consider for example, setting
g 3 equal to 45 cm- 1 and increasing g 1 from its unpumped negative value.
Then threshold would be attained at g 1 = -80 em - 1 • According to the calculations, if g 1 were further increased, the laser would cease lasing. This is a
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Far-field of the dominant longitudinal mode with g 1 = g 3 = 30.2 cm- 1 •

direct result of the anti-guiding, which modifies the phase relationships as
a function of gain to require a still higher gain, g3 , to satisfy the resonance
condition and is analogous to a laser with a wavelength selective external
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gain in the other gain section is g 3 = 45.1 cm- 1• The mode oscillates near a=
-5.2 cm- 1 (A;>..-1.5 A) away from the Bragg condition. Note that most of the
power of the propagating guided mode (solid line) is concentrated in the more
strongly pumped gain section. Thus, significant radiation (broken lines) is emitted
only from two gratings, whereas the leftmost outer grating radiates very little energy.
In this case the structure behaves like a DBR laser.

element. Depending on adjustment, the feedback from the element can
cause the laser to quench at particular placements.
To verify the analytic results, a two-gain, three grating section surface
emitter has been tested using a specially designed apparatus (Waarts, 1990)
by differentially pumping the gain sections. The near-fields were observed
under several conditions. When one gain section was pumped just slightly
above threshold with 400 rnA, with the other unpumped, the output was
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measured. Then the current to the second gain section was increased to
100, 200, and 300 rnA. The results are shown in Fig. 33. We observe that
the output power is substantially decreased at 100 rnA, it increases again
at 200 rnA, but does not yet attain its initial value. For 300 rnA, not only is
the initial level recovered, but output light is also evident at the third grating
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section. At 400 rnA the pattern, which is not shown, is very close to being
symmetric as predicted by the theory.
The behavior discussed in the preceding paragraph corresponds qualitatively well with the theory. When the device lases at (g 1, g 3) = ( -80, 45) cm- 1,
increases in g 1 initially raise the threshold value of g 3 , which manifests
itself as a decrease in output power (/1 = 100 rnA). Then beyond the peak
at g 1 =- 30 cm- 1, the power begins to increase (/1 = 200 rnA), until at g 1 =
-10 cm- 1 (/1 = 300 rnA) the power again attains its value with / 1 = 0. These
results are qualitatively consistent with the data of Figs. 23 and 24.

2.

Modal Sensitivity to Length-Induced Phase Variations

To illustrate the sensitivity of GSE lasers to asymmetric, length-induced
phase variations, we describe in this subsection the evolution of the lowest
threshold longitudinal modes of a two-gain section, three-grating laser under
an asymmetric change in one of the gain section lengths. In particular, the
optical length of one gain section is shortened with respect to the other by
up to one grating period. Along with the changes in threshold gain and
resonant frequency, the near- and far-fields are found to be dramatically
changed. For example, radiation from one of the three gratings can be
completely suppressed for even the lowest threshold mode. When the
asymmetry so introduced is small, symmetry can be restored by differential
current pumping as has been verified experimentally (Waarts, R., un-
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published), but in general this is not necessarily the case. However, by
studying the causes of this sensitivity, we are able to demonstrate an
improved design that trades off increased threshold gain for reduced sensitivity to length-induced phase variations (Hardy et al., 1990c). In all cases,
though, the analysis implies that for stable, single-mode operation to occur,
it may be necessary to control the optical length of gain and grating sections
to better than a wavelength.
As in the previous subsection, we consider the case of n 1 = 1, n 2 = 3.49,
n 3 = 3.42, n4 = 3.36, t 1 =50 nm, t2 = 200 nm, and t3 = 400 nm (see Fig. 3). The
number of grating periods in 844 (Lg 1 = Lg 2 = Lg3 = 199.925 1-1-m) and, in our
first example, a symmetrical configuration is considered where L 1 = L 3 =
300 1-1-m (see Fig. 21). In a further section we will allow for L 3 to be slightly
longer than L 1 , by a fraction of a wavelength, but, in all cases, g 1 = g3 = g
will be assumed.
The two sets of curves in Fig. 34 plot the magnitude and phase of G = gL
corresponding to the two solution branches of Eq. (45), as a function of
deviation 8 from the Bragg condition ( 8 = f3 - /3 0 ). Since the threshold gain
is a real quantity, longitudinal mode resonances are defined by the condition
phase (G)= 21rm, m an integer (for convenience, the phase has been
normalized so as to vary between +0.5 and -0.5 in Fig. 34). At each
4
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(dashed) curve gives the corresponding phase for the symmetrical (anti-symmetrical)
branch as a function of deviation from the Bragg condition. Resonances correspond
to zeros of the phase.
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resonance condition so defined, the value of the magnitude of G represents
its corresponding threshold gain. This first example establishes a baseline
for the longitudinal mode resonant frequencies and their respective threshold gains.
The two lowest threshold modes oscillate at 8 = 12.3 cm- 1 (~A=
-0.037 nm) with g,h = 30.2 em-\ and at 8 = -54.89 cm- 1 with g,h =
33.2 cm- 1 • Both are antisymmetric with a zero in the near field radiation
pattern at the center of grating 2. The near-field and far-field patterns of
the lowest threshold longitudinal mode are depicted in Figs. 26 and 28,
respectively. The third mode, which oscillates at 8 = -52.5 cm- 1 , has a
symmetric near-field pattern (Fig. 27) without a null in the center of the
device, resulting in much more radiation loss and higher threshold (g,h =
54.7 cm- 1 ).
to small length variations, and in particular asymmetric variations. Certainly,
when both gain section lengths L 1 and L 3 are modified simultaneously so
that ~L 1 = ~L 3 , the structure remains symmetric with an antisymmetric or
symmetric mode distribution and the gain curves virtually remain the same
as in Fig. 34. The only noticeable change is in the location of the resonances,
which shift as ~L 1 = ~L 3 is changed. This, however, is not the case when
L 1 is held fixed and only L 3 is varied. In Fig. 35, we describe the effect of
a small variation ~L 3 in the length L 3 on the modal gains g (Fig. 35a) and
on the mode resonance locations (Fig. 35b ). The first-order mode is defined
to be the one having lowest threshold and is indicated by solid lines in Figs.
35a and 35b. The next higher-order mode is given by the dotted line and
the third mode by the broken line. We note that several gain degeneracies
appear between ~L 3 = 0 and ~L3 = A and that the mode resonances
frequently hop from one wavelength to another. In the following paragraphs
the variation in near- and far-field patterns that accompany the gain and
frequency variations of Fig. 35 are described.
Since for ~L3 ~ 0 the structure is no longer symmetric about the center
of the middle grating, neither are the modal fields. To illustrate the variety
of asymmetric distributions encountered, in Figs. 36, 37, and 38 we describe
the near-field and far-field patterns at three different values of ~L 3 • First,
in moving from ~L 3 = 0 [point (a) in Fig. 35] to ~L 3 = 0.01 J.Lm 0.042 A
[point (b) in Fig. 35], note that the resonance location and threshold gain
are only slightly altered (8 = 11 cm- 1 , g,h = 32.3 cm- 1 ). However, the nearfield and far-field intensity patterns become quite asymmetric (Fig. 36) with
nearly 30% more light in the left-hand gain section. The field asymmetry is
due to the interference effects between fields reflected from and transmitted
through the middle grating. At this point, the asymmetry is small enough
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to be compensated by pumping one of the two gain sections slightly harder
than the other, thereby altering the relative phases via the anti-guidance
factor and virtually restoring near-field symmetry (gi~l = 29.3 em -t, gi~l =
32.2 em-\ 8 = 9.5 cm- 1 ). We note that these threshold gains are net gains,
i.e., gain above the transparency level and, therefore, the actual current
differences in the two sections may be quite small.
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The mechanism for restoring symmetry by differential current pumping
is as follows: The right-hand gain region, which was lengthened by 0.01 1-1-m
relative to the left-hand one, is pumped a little harder to provide more gain.
This tends to equalize the near-field intensities of Fig. 36a. At the same
time, the increased injected carrier density reduces the effective index of
refraction neff, 3 via the anti-guidance factor. The optical length neff, 3 L 3 is
also reduced, and eventually equals that of gain section 1. At this point,
far-field symmetry is restored, albeit at a different current level than that
required to restore near-field symmetry. However, as we show in the next
paragraph, one can no longer restore field symmetry when fl.L 3 is larger, at
least not by modifying the currents alone.
By further increasing fl.L 3 slightly, the two lowest-order modes go through
a degeneracy point and separate again. At fl.L 3 = 0.015 1-1-m [point (c) in Fig.
35] the wavelength hops to 8 = -56.43 em - 1 • In addition, the location of
the far field lobes is shifted (not shown). The resulting near-field pattern is
similar to that of Fig. 36, but the intensity pattern asymmetry is more
pronounced. This asymmetry continues to worsen as the length variation
fl.L 3 / A approaches the mode hop at fl.L 3 / A= 0.22. Just to the left of the
jump point, at fl.L 3 / A= 0.21, virtually only the left two gratings radiate. To
the right of the jump, however, it is the right two gratings that strongly
radiate. In Fig. 37 we describe the near-field and far-field patterns at
fl.L 3 = 0.317 A [point (d) in Fig. 35]. The near-field asymmetry is now
extreme, as virtually only grating 2 and grating 3 radiate. The far-field
pattern, characteristic of two-grating radiation is now broader, with fewer
and wider lobes. This mode oscillates at 8 = -31.1 em -I and has a threshold
of g1h = 38.3 em - 1• The second-order mode (not shown) has a threshold of
g1h = 46.0 cm- 1 and oscillates at 8 = -52.8 cm- 1 • Its near field-pattern is also
asymmetric but, as opposed to that of point (d), occupies exactly the
left-hand gain section (where the field intensity is low in Fig. 37). The small
mode discrimination between such spatially segregated modes is an invitation to spatial hole-burning, and leads one to expect that the two lowestorder modes may oscillate simultaneously above threshold. The near-field
pattern of the combined two modes will now be nearly symmetric, taking
better advantage of the available gain than either one alone. However, the
spectrally resolved near-field will reveal that the radiation from the two end
gratings differ in wavelength. Since the far-field lobes of the second mode
are located between those of the first mode, the combined far-field pattern
is broader, with lower lobe visibility. In the case of fl.L 3 = 0.317 A, mode
symmetry could not be restored by differential current pumping. When
pumping any of the two gain sections harder to bring the relative phases
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Fig. 37. Lowest threshold mode at JiL 3 = 0.317 A [point (d) in Fig. 35]. (a) Guided
mode (solid) and radiating (dashed) near field, (b) far field.

back to symmetry, the gain imbalance becomes too high to sustain a
symmetric pattern. Pumping gain section 3 harder to reduce its optical
length only increases the near-field asymmetry. Thus, the intensity pattern
remains asymmetric.
In moving to the right of point (d) in Fig. 35, towards point (e) at
D..L 3 / A= 0.464, the near- and far-fields again change rapidly as grating 1
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Fig. 38. Lowest threshold mode at b.L3 = 0.5 A [point (f) in Fig. 35]. (a) Guided
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starts to participate once again. Here the near-field pattern is close to that
at point (b) (Fig. 36), and the far-field again has several narrow lobes
although they do not coincide with those of Fig. 36. In Fig. 38 we depict
the near- and far-field patterns at b.L3 = 0.5A [point (f) of Fig. 35]. The
threshold gain, resonance location, and near-field patterns are almost iden-

Second-Order Grating Surface Emitting Theory

331

tical to those for A.L3 = 0 (see Fig. 26). This is expected since, by shifting
the third grating to the right by half a period, from the symmetry point, the
field propagates back and forth a total extra distance of AL3 =A= A. The
far-field pattern, however, is not exactly the same as in Fig. 28. Due to the
grating shift of A.L3 = 0.5A, there is an additional phase shift of 7T between
the two end gratings. Therefore, we should have a maximum at {} = 0° as
opposed to the zero at {} = oo in Fig. 28. Furthermore, there are small phase
differences between the two end mirrors. These phase differences add up
to give a slight asymmetry in the far-field pattern at point (f). These small
phase differences cancel each other when A.L3 = A so that at that point the
near-field and far-field patterns of Figs. 26 and 28 are fully restored.
In stepping through points (a) to (f) of Fig. 35, we have found the
lowest-order mode to be extremely sensitive to length variations on the
order of one-tenth of a grating period. We can conclude, therefore, that the
near- and far-field instabilities are related to having several modes with
nearly degenerate threshold gains. That is, the source of modal sensitivity
to length or current perturbations is the relatively poor mode discrimination.
This sensitivity results, in part, from the several mode hops that occur within
a gain length shift AL3 of A.

3.

An Improved Design

In this subsection we investigate the sources of the sensitivity to lengthinduced phase variations and demonstrate that the effects of these sources
can be minimized in an improved design. The improved design has far less
sensitivity to small perturbations. Close examination of Fig. 34 reveals
several sources for the poor mode discrimination. First, the gain curves are
broad and quite flat, which reduces discrimination among resonances
located on the same gain branch. Second, the two gain branches themselves
may be too close to discriminate effectively between resonances located on
different gain branches. Third, the longitudinal mode spacing, as a function
of 8, should be increased as much as possible, thereby pushing most
longitudinal modes to higher gain regions. We shall address improvements
to the baseline design by considering these sources in sequence.
First, observe that the width of the gain curve is closely related to the
width of the reflectivity curve, as a function of 8, for each grating. The
width of the reflectivity curve, in turn, is largely affected by the losses in
the grating region (Hardy et al., 1989). The higher the loss, the broader the
reflectivity curve. Thus, one would like to minimize material and other
losses in the grating region in order to steepen the increase of threshold
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gain away from the Bragg wavelength. However, this parameter is only
partially under our control. In our examples we assume a= 10 cm- 1 (power
loss= 2a = 20 em - 1 ). With improved fabrication control, one would expect
to reduce it by factor of 2-4.
Once the loss parameter is fixed, in order to narrow the reflectivity curve,
one must reduce the coupling coefficient K (Yariv and Nakamura, 1977).
In our particular case, with 50% teeth, the coupling coefficient K is zero.
However, the forward- and backward-propagati ng waves in a second-order
grating are coupled not only directly through the grating, but indirectly
through the radiative and other partial waves. This indirect coupling is
characterized by additional coupling constants ?i [see Eq. (10)], so that the
effective coupling coefficient K + ?i is not zero. These coupling parameters
are reduced by decreasing the tooth height. However, by making the gratings
shallower, the peak of the reflectivity curve also decreases. Thus, one should
make longer and shallower gratings, in order to have narrower reflectivity
curves without compromising much of the peak reflectivity. This was indeed
verified by several numerical studies. Although one should strive for longer
and shallower gratings, there is a limit to this process, due to problems
associated with wafer uniformity and material loss. A reasonable and
practical number would be Lg = 1 mm with tooth height about 20 to 30 nm.
Regarding the second issue, i.e., the separation between the two gain
branches, we note that the lower branch generally corresponds to antisymmetric modes with a null in the radiation near-field at the center of the
middle grating. The upper branch with the higher losses corresponds to
symmetric modes with a maximum in the radiation near-field in the center
of the middle grating. This is physically reasonable since radiation represents
a power loss for these devices, resulting in higher thresholds. When the
middle grating is lengthened so that transmission is negligible, the field
incident on either of its ends decays and is quite small at the center. Thus
their superposition at the center of the grating, whether it is destructive or
constructive should give about the same near-field intensity. Thus, for a
long middle grating one would expect little discrimination between the
symmetric and antisymmetric modes, and indeed this was verified numerically. To increase the gain discrimination between branches, one would,
therefore, shorten the middle grating as much as possible. On the other
hand there is a lower limit to this procedure before the device resembles
only two gratings. Thus, when the middle grating is too short, it perturbs
the guided wave so little that the amount of power radiated away (whether
symmetric or antisymmetric) diminishes. Thus, for too short a middle
grating, the discrimination between the symmetric and antisymmetric modes
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drops again. It appears that there is an optimum length for the middle
grating. With Lg = 1 mm for the side grating, Lg = 0.5 mm for the middle
grating is close to optimum in discrimination between the two branches.
Consider the third issue, that of increasing the resonance spacings. For
Fabry-Perot resonators, it is well known that decreasing the length increases
the mode spacing. In our case we have two gain sections separated by one
middle grating of finite length. It behaves more as a C 3 -laser rather than
a Fabry-Perot resonator. Nevertheless, we expect that for long middle
gratings with only moderate transmissions (i.e., coupling between the gain
sections is not too high) the mode spacing increases as the length of the
gain section decreases. We also note that in Fig. 34 the solutions are G = gL
for the various modes. Decreasing L while G remains about the same,
increases g and with it also ~g = gi- gj for any two modes. The penalty,
of course, is that the threshold gain itself is higher and the differential
quantum efficiency may drop. Thus an optimum seems to be about L =
150-200 f.lm.
By combining the three considerations we select 3800 teeth for the two
side gratings (Lg = 898.334 J-Lm) and 1900 teeth for the middle grating (Lg =
449.167 J-Lm). The tooth height is t 1 = 20 nm, and the gain section length is
L 1 = L 3 = 149.96 J-Lm. Figure 39 shows the gain curve for this structure. Note
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Fig. 39. Longitudinal mode structure (as in Figure 34) for the improved design,
with L 1 = L 3 = 149.95 f.Lm, Lg 1 = Lg 3 = 898.334 f.Lm (3800 teeth), Lg 2 = 449.167 f.Lm
(1900 teeth).

334

A. Hardy, D. F. Welch, and W. Streifer

the excellent mode discrimination: the lowest threshold mode at 8 =
-16.9 cm- 1 has gth = 106.9 cm- 1 while the next higher-order mode near
B =-57 cm- 1 has gth = 194 cm- 1 . By slightly modifying the gain section
length (L 1 = L 3 = 150.05 J.Lm), the lowest threshold mode can be brought to
the minimum of the gain curve, thus further reducing its threshold. In any
case with L 1 = L 3 = 150 1-1m the lowest order mode fluctuates not far away
from the minimum of the gain curve. In Fig. 40 we show the near- and
!.2
- - Guided Mode
- --- Radiating Near Field

l.O

.t>

·u;
c 0.8

c"'
.::"'
-;

0.6

Ol
i:l:: 0.4
0.2
0
-1500

-1000

-500

0

500

1000

1500

Position (microns)

(a)
!.2
•
l.O 1--

.t>

·u;
c 0.8

-

0.6 1--

Ol
i:l::

0.4 1-0.2 1-0
-0.6

=0

•t

1--

c"'
.::"'
-;

t.L

• 8 = -29.906 em -I
• g = 134.97 em · 1
1 =20nm

I

-0.4

I

-0.2

J~
0

I

I

0.2

0.4

0.6

Angle (degrees)

(b)
Fig. 40. Lowest-threshold mode for the symmetrical improved design, with L 1 =
L 3 = 150 fLm. (a) Guided-mode (solid) and radiating (dashed) near field, and (b)
far field.

Second-Order Grating Surface Emitting Theory

335

far-field patterns of the lowest-order mode at 8 = -29.9 cm- 1 for L 1 = L 3 =
150 fLm. Note, in particular, the much improved far-field pattern [Fig. 40(b)]
mainly due to the longer penetration into the side gratings as compared to
Fig. 28. In fact we chose the worst possible length near L = 150 fLm. For
L 1 = L 3 = 149.96 fLm (which was used in Fig. 39) the side lobes are about
half the size of those in Fig. 40.
In general, not only the far-field pattern is improved with the better
design, but also its sensitivity to small length fluctuations. In Fig. 41 we
describe the sensitivity of the gain and resonance locations for the three
lowest-order modes of the improved design, to small length variations t:l.L 3
of one of the gain sections. The other gain section length is held constant
at L 1 = 150 fLm. Since the figure is periodic we show here only one period
of t:l.L 3 = 0.5A. Compared to Fig. 35 we note the remarkable improvement
both in mode discrimination and resonance stability. There is only one
degeneracy where the resonance hops from 8 = -31.19 cm- 1 [at point (c)
in Fig. 41(b)] to 8 = -2.69 cm- 1 [at point (d) in Fig. 41(b)]. Between points
(a) and (c), the modal oscillation frequency is nearly constant. Along this
curve the near- and far-field both change, but significantly less than for the
deeper gratings. In fact, there is always enough power in either gain section
so that all three gratings radiate. To demonstrate this we show in Fig. 42
the near- and the far-field patterns at t:l.L 3 = 0.059 fLm = 0.250A [point (c)
in Fig. 41(b)]. In Fig. 43 we show the near- and far-field patterns at
t:l.L 3 =0.060fLm=0.254A [point (d) in Fig. 41(b)]. We note the much
improved near- and far-field patterns. In particular, the far-field patterns,
although distorted [compared to Fig. 40 for point (a)], still exhibit narrow
lobes with much smaller side lobes.

F.

Conclusions

A GSE with two gain sections and three grating sections has been analyzed.
The results show that for a symmetric geometry the two lowest threshold
longitudinal modes are asymmetric. However, because a structure with three
or more coupled gratings must establish a resonant mode in which the
reflections from all three gratings are commensurate, the device is very
sensitive to the relative phases of the reflections. Thus small changes in
grating position or variations in material parameters or pumping current
affect the far field patterns. On the other hand if two differing structures
with approximately the same dimensions have quite similar phase relationships their performances will be almost identical.
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First, we examined the effect of asymmetric pumping of an otherwise
symmetric structure. Threshold gains as functions of the two gain-section
currents were calculated and the variations in near- and far-fields were
presented. Predications of the analytic theory compared well with results
from an experimental device in the regime of near threshold operation.
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Second, we have demonstrated that GSE laser arrays have a longitudinal
mode structure that is extremely sensitive to length-induced phase variations.
For a laser composed of two gain and three grating sections, an asymmetric
variation in the length of one gain section of only one-tenth of a grating
period is enough to cause a longitudinal mode hop. For this configuration,
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adjacent longitudinal modes have different symmetry with respect to nearand far-fields (i.e., either symmetric or antisymmetric). Thus, mode hops
are characterized not only by a jump in wavelength but by a discontinuity
of radiation pattern. In practice, such small variations in optical length can
be caused by fluctuations in current density, temperature, or material characteristics across the wafer. Conversely, small asymmetries can be compensated by differential current pumping; larger asymmetries, however,
cannot.
The cause of this sensitivity is the poor mode discrimination inherent in
baseline designs. We set out, therefore, to design a GSE laser with improved
mode discrimination. Increased gain discrimination between modes of like
symmetry was achieved by incorporating longer, shallower grating sections
and shorter gain sections into the design, in order to further separate the
resonances in frequency and to narrow the grating reflectivity spectrum.
Furthermore, discrimination between symmetric and antisymmetric modes
was increased by optimizing the length of the center grating. The resulting
design demonstrated improved sensitivity to length-induced phase variations, but at a cost of increased threshold gain for the lowest-order modes.
Initial experiments with such gratings showed promising results (Waarts et
al., 1990).
In general, however, the sensitivity to phase variations of all GSE structures is at a level high enough to cause at least one mode hop when the
asymmetry in optical path lengths of adjacent gain sections exceeds one
half of a grating period. In practice, this implies that for a fixed operating
condition (temperature profile and material inhomogeneity), the currents
to individual emitters of the array may need to be optimized in order to
achieve single-mode, coherent operation.

V.

EXTENSION TO AN ARBITRARY NUMBER OF GRATINGS

In order to extend the analysis to more than three gratings, it is convenient
to adopt a scattering matrix approach. Consider, for example, the schematic
array representation shown in Fig. 44. Odd-numbered sections represent
grating regions, whereas even numbered sections represent gain regions. It
is straightforward to show that
(53)
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~---------~

Fig. 44.

Schematic representation of a linear array with N grating and gain
sections.

where the 2 x 2 matrix M is the product, in reversed order, of the matrices
Aj for each of the sections,
(54)
The even-numbered matrices Ai, representing gain sections, are diagonal.
The odd-numbered matrices for the grating sections, are derived by using
Eqs. (22) through (25). The threshold condition for lasing is detained by
requiring E\+l = E\-) = 0. This requirement yields
(55)
where M 22 is the lower right diagonal element of the matrix M. As in the
case of three gratings (see Section III), the problem is under specified since
there may be many combinations of gains (or currents), for which the
solution of (55) yields different results for the lowest threshold mode. Note
that even if the relationship between the various gain sections is specified
(e.g., by requiring that all gains are the same) one still has many solutions
to Eq. (55), namely the various resonances, but only one (or two in case
of degeneracies) corresponds to the lowest threshold mode.
A similar approach has been used by Amantea et al., (1989). They
extended the analysis to include two-dimensional arrays that are evanescently coupled in the lateral direction and injection-coupled in the longitudinal direction. They specialized, however, in analyzing identical gratings
and identical gain sections. Furthermore, only approximate matrix elements
were used and their exact wavelength dependence, or the effect of various
grating parameters, was ignored.
An alternative approach to the problem is the shooting method (Shakir
et al., 1989). The analysis has been extended to include gain saturation
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effects in the gain sections and coupled-mode equations were used in the
grating sections. However, the parameters in the coupled-mode equations
were only approximately estimated. One also should be careful, when using
this approach, not to miss some of the lowest-order modes. Combining the
two methods, i.e., solving Eq. (55) at threshold and then using the shooting
method above threshold may be the most efficient approach. An interesting
result of the shooting method analysis for a linear array of five gratings
(Shakir and Salvi, 1988), is that an in-phase array mode can be made the
dominant one by driving the coupled gain sections nonuniformly. This is
expected since, for a larger number of grating sections, the difference
between the near-field intensity pattern of the symmetric and antisymmetric
modes diminishes. As a result, the radiation loss from the center grating is
nearly the same for the symmetric and antisymmetric modes. Note, in
particular, that for an even number of grating sections, the center of
symmetry is in a gain section and, thus, radiation losses for symmetric and
antisymmetric modes are the same.

VI.
A.

APPENDICES
Fourier Expansion Coefficients

Consider the structure illustrated in Fig. 2. The refractive index squared is
expressed analytically as
2

nl,

x<O

00

L

[nNu[z- w 1 (x)- pA]- u[z- w 2 (x)- pA]}

p=-00

+ n~{u[z- w 2 (x)- pA]
- u[z- w 1 (x)- (p + l)A]}],

n 2 (x, z) =
nL

t 1 <x<t2

2

t2 <x < t3

2

t3 <x

n3,
n4,

O<x< t 1

(A-1)

where the functions w1 (x) and w2 (x) express the tooth shape as shown in
Fig. 2 and u is the unit step function. Then since n 2 (x, z) is periodic in z,
we expand it in a Fourier series as in Eq. (2). The Fourier coefficients are
zero outside the grating region and are functions of the tooth shape within
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that region viz.,
1 JA/2 2
Aq(x) = n (x, z) exp ( -i27Tqz/ A) dz
A
=

-A/2

(n2-n2)
1 {exp [- i27Tqw 2(x)/ A]
.2
127Tq
-exp[-i27Tqw 1(x)/A]},

O<x<t 1

(A-2)

with q ¥-0.
Note that, if nJ are real, Aq(x) = A:l:q(x). Usually Im {n]}« Re {n]} so
that we may assume that nJ are all real and the loss or gain is represented
entirely by a(x) in Eq. (2). Furthermore, we also drop a - 2 since l&l « k 0 n 0 •
The unperturbed waveguide is represented by n6(x)

ni,

x<O

n~+ (ni- n~)[w2 (x)- w 1 (x)]/ A, O<x<t1

n6(x) =

nL

t 1<x < t2

nL

t2 <X< t3

n~,

t3<x

(A-3)

Note that the A 0 (x) term has been absorbed into n6(x ), so that the waveguide
geometry, with periodicity ignored (i.e., the "unperturbed" waveguide), is
a five region structure. (See Fig. 3.)

B.

Partial Wave Coefficients

To increase the generality of the analysis, one may approximate the grating
teeth by a series of N sublayers of constant width. Within each sublayer
the squared refractive index is set constant and equal to its average value
in that layer. The total number of layers with constant refractive index,
including air (superstate) and the substrate, is M. The solutions for the
radiating and evanescently decaying partial waves are given by
E;;(l(x) =

C (j)
m,l exp ( -z'km,lx ) '

x<x 1=0

Xp-1 <X< Xp, p = 2, 3, ... ' M -1
c;;:;M{exp [ikm,M(x -xM-1)] + Rm exp [ -ikm,M(x- XM-1)]},

XM-I<X<XM-I+d

(B-1)
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where j = 0, -2 and the xP ( p = 1, ... , M- 1) are the layers boundaries. The
parameters km,p are defined
2
{32m·
k 2mp= k2onp-

(B-2)

In (B-1) x = 0 is the upper boundary, and the reflector is located at x =
xM-I +d. The reflector is modeled by the symbol Rm for the radiating
( m = -1) wave, which is set equal zero for the other partial waves and the
guided waves. The layers numbered p = 2, 3, ... , N + 1 represent the grating,
and the domain x < 0 is the air (superstrate). The layers numbered p =
N + 2, ... , M- 1 represent all other waveguide regions and p = 1 and p = M
represent the superstrate and substrate, respectively.
In the grating layers of Eq. (B-1) the terms T<j,~ are driving terms
originating from the guided wave interaction with the grating. They are
given by
(j)
[ko,pX-Xp-1
(
)]
T (j)(
mpX-Xp-1 ) -ampCOS

+b<j,~sin[ko,p(x-xp-I)],

2~p~N+1

(B-3)

where

a~(,~= -[k~/(k;,,P- k~,)JAm-j,pCo,p,

j = 0, -2

(B-4a)

b~/,~ = -[k~j(k;,,P- k~,p)]A.,-j,pDo,p• j = 0, -2

(B-4b)

and Am-j,p are the squared refractive index Fourier expansion coefficients
in layer p of the grating region. For p = N + 2, ... , M -1, TIJ,!P = 0. The
constants C,"P and Dmp in Eq. (B-1) are determined by imposing the
boundary conditions for field and field derivative continuity. Note that Eq.
(B-1) also holds form= 0 (the guided mode), but in this case T/jl""'
0 and
p
one of the coefficients (say C 0 , 1 ) is arbitrary. The boundary conditions of
field and field derivative continuity, determine all other constants Co,p, Do,p
and also provide the characteristic equation for the propagation constant {3.

C.

Calculating Equation (39)

In each grating, power is dissipated via several channels, namely~ Uj, ~Sj,
~Tj, ~Aj, where~ (j = 1, 2) is the power incident on gratingj. The fraction
of useful power radiated up into the air, from the two gratings, versus the
total amount of power dissipated in the gratings is
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The power radiated up is given by
(C-2)

Pu =(I- I,)(h11/ e)7Ji7Jo7)g

where 7Ji is the internal quantum efficiency, 7Jo is defined by (40), I is the
injected current, I, is the injected current at threshold (I> I,), h is Planck's
constant, 11 is the light frequency, and e is the electron's charge. The external
differential quantum efficiency 7Jo is defined as (Yariv, 1989),

d(Pu/hll)
7Jo= d(I/e)

Using Eqs. (35) and (38), to substitute for Aj and
Eq. (39).
D.

(C-3)

7Ji7Jo7Jg·

P.i(J =

1, 2), we obtain

The External Differential Quantum Efficiency for N-Grating,
N -1 Gain Sections

Consider the geometry described in Fig. 45. The power generated in gain
section j due to the injected electric current f.i is given by
j

=

(D-1)

1, ... , N -1

where I,j is the current required to reach threshold, h is Planck's constant,
e is the electron charge, 11 is the optical frequency and it is assumed that
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all gain sections have the same internal quantum efficiency YJ;. The power
loss in gain section j due to the power loss a \n, per unit length, is given by
(D-2)
where Pj+l(O) is the optical power injected into the gain section j at z = 0
and propagate in the + z direction. A similar expression is obtained when
power Ptl(Lj) is injected at z = Lj and propagate in the -z direction.
Combining the two and substituting for the injected powers, we find
= (IP(-) E(-)+ T(+)£(+)12+ IP(+) E(+) + T(-) E(-)12)
P (j)
;+1 ;+1
;+1 ;+1
;
;
;
;
e

x(a\n/gj)(exp[gjLj]-1)( f3Q ),

j

=

1, ... , N -1,

(D-3)

2WJ.Lo

where for gain section j = 1, E\+J = 0 is assumed and for gain section j =
N -1 we take E)Vl = 0. In order to calculate the power lost on the grating
sections, we note that for the two end gratings, power which is not reflected
is lost. Thus,
(D-4a)

(D-4b)

The power lost on all the other grating sections j, j = 2, ... , N -1, is given
by
p~l = {(IEJ+ll 2 + 1Etll 2 ) -(lpj+l Ej+l+ r;-l Etll 2
+I p(-) E(-) + T(+) £(+)12)} (
1

1

1

1

f3Q )

(D-5)

2wJ.L 0

Here, unlike for the end gratings, power transmitted through the grating is
not lost, but is injected into the next gain section. The useful power output
P~jl, j = 1, .. , N, from each of the gratings, due to radiation up into the
air, is given by Eq. (30a). Thus, the total useful power output is
(D-6)
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Defining
d(Pu/hv)
7Jo = d(I/ e)

(D-7)

where I= Lr:~ 1 Ij, we find that
(D-8)

7Jo = 1Ji'Tio1Jg

where

":V
L..J=I

pUl
g

1Jo = "N-1 pU) +" N p(j)
L..J=I

I

L..J=I

(D-9a)

g

and

":V
L..J=I
7]g="N
L..j=l

pUl
u
pUl"

(D-9b)

g
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Chapter 7
NETWORK ANALYSIS OF
TWO-DIMENSIONAL LASER ARRAYS
R. Amantea and N. W. Carlson
David Sarnoff Research Center, Princeton, New Jersey

I.

INTRODUCTION

The development of semiconductor diode laser arrays has experienced rapid
growth over the last decade. Many types of one-dimensional laser array
structures have been fabricated and demonstrated and models of these
arrays have also been developed (see Chapter 2). A group of parallel gain
elements sufficiently close to each other comprises laterally-coupled edgeemitting laser array structures. Butler et al. (1984) have shown that coupledmode theory can be used to model arrays oflasers with weak lateral coupling.
Such arrays are often referred to as evanescently coupled because the
strength of the coupling adjacent lasers in the array is characterized by the
overlap of their evanescent electric fields in the common cladding region.
In order to model array structures with arbitrary lateral coupling, numerical
models such as those of Agrawal (1985) and Hadley et al. (1988) have been
developed. The model of Hadley used a self-consistent approach to include
the effects of two-dimensional current flow, carrier diffusion, and heating
of the array structure. Incorporation of charge and thermal effects provides
accurate modeling of the array characteristics well above threshold.
Besides the lateral-coupled laser array, there is also the injection-coupled
laser array, where gain elements are coupled end-to-end in a serial arrangement. In this type of longitudinally coupled multielement laser array,
SURFACE EMITIING
SEMICONDUCTOR
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adjacent elements are injection-coupled to each other. Injection coupling
in semiconductor lasers is attractive because it can be implemented at the
wafer level so that monolithic structures can be fabricated. The threshold
characteristics and linewidth of linear arrays of injection coupled lasers
was first modeled by Fleck (1963). More recently, generalized approach for
modeling the dynamic response and noise characteristics of multielement
arrays has been developed by Lang and Yariv (1985).
All of the aforementioned laser array models were developed for onedimensional array structures. With the recent development of twodimensional laser arrays such as the grating-surface-emitter, a need has
arisen to extend array modeling capabilities to two dimensions. The modal
analysis of such two-dimensional laser array structures is more complicated
than that of conventional one-dimensional arrays. The existing onedimensional models apply to lateral coupling distributed along the length
of the array or injection (longitudinal) coupling where the coupling occurs
at the boundary between serially connected gain elements. These two types
of coupling are referred to as distributed and boundary coupling respectively. In two-dimensional arrays such as the grating-surface-emitter, both
boundary coupling and distributed coupling can occur together. Therefore,
a general two-dimensional array model must provide a framework that will
allow for a uniform treatment of the various types of coupling that can occur.
By transforming the two-dimensional laser array into a network representation (Amantea et al., 1989; Amantea et al., 1990) such a unified
treatment becomes possible. All the essential elements of the arrays, i.e.,
the gain sections, DBR sections and their interfaces, are treated in terms
of network components. Coupling (even distributed coupling) between array
elements is transformed into the mathematical equivalent of boundary
coupling, so it occurs at the interfaces between the network components.
In this way, the array behavior can be studied at a level of abstraction above
the device physics. Although this hides some of the details of the behavior
of the array elements, it facilitates the modeling, understanding and designing of arrays. Furthermore, new models for the elements can be incorporated
into the network. For example, above-threshold operation can be modeled
in a straightforward manner by incorporating non-linear models for the
laser gain elements.
This chapter will deal with the development and application of the
network approach to analyze the modes of two-dimensional GSE arrays
that are evanescently-coupled through the gain elements in the lateral
direction, and mutually injection-coupled through DBR sections in the
longitudinal direction. A diagram of this array architecture is shown in
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Fig. 1. The analysis of various other coupling schemes, such as Y-coupling,
would be straightforward. The formalism presented here, however, is limited
to cases in which the longitudinal coupling is nearest neighbor and in which
any lateral coupling that occurs in the DBR sections is similar in form to
the lateral coupling that occurs in the gain elements (e.g., evanescent
coupling occurs in both the gain and DBR sections).
The network model consists of state variables and network scattering
elements. The state variables correspond to the electric field at various
points in the array, namely, at the inputs to the gain sections. The scattering
elements correspond to the array gain sections and DBR sections. The array
is then described by relating all the state variables through a coupling matrix
that is obtained from the scattering matrices of the array components. The
nontrivial solution of the resulting state equation yields the threshold gain
and frequency of each array mode. In order to solve the oscillation condition
in a numerically efficient way, the problem of finding the zeros of the
determinant of the coupling matrix is transformed to an eigenvalue problem.
For the limitations on the coupling discussed above, the lateral and longitudinal coupling are separable, and the oscillation condition for the entire
array can be written as an equivalent Fabry-Perot lasing condition with a
multibranch frequency-dependent effective modal reflectivity. As a result,
the analysis of the coupling in each dimension can be done separately. The
total number of branches is equal to the number of gain sections in the
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array. Each branch corresponds to the frequency dependent effective reflectivity for a distinct mode of the array. The exact operating frequency depends
on the propagation delay in the gain sections. Since the effects of the two
coupling schemes are separable in the oscillation condition, the extensive
results in the literature on the laterally-coupled case (the longitudinal case
here is new because of the DBR sections) are therefore directly applicable
to the two-dimensional case.
From the oscillation condition, the complete mode spectrum and threshold gain discrimination between modes is obtained, as well as the internal
field intensity and phase. The near-field and the resulting far-field radiation
pattern can be obtained from this internal field. This analysis, has shown
that a critical parameter in obtaining a uniform power distribution to the
gain elements of the array is the ratio of the grating transmissivity to
reflectivity.
In Section II, we describe the network model for two-dimensional GSE
arrays and its solution. Details of the matrix algebra are provided in the
appendices. In Section III, we consider two specific examples, one of a 3
times 3 array, and another of a one-dimensional array of 10 injectioncoupled DBR lasers. Finally, in Section IV, we compare experimental
measurements of the threshold and near-field to the calculations and find
excellent qualitative agreement.

II.
A.

THEORY

Introduction

In the process of developing a network model for two-dimensional laser
arrays, the overall mathematical problem facing us is to formulate a
methodology for analyzing large arrays of coupled laser cavities, where
large can mean hundreds or thousands of cavities. A similar problem occurs
in integrated-circuit technology where large numbers of transistors are
interconnected. The circuit problem is handled by the definition of state
variables, describing the interconnection of the elements with matrices, and
the application of algebraic techniques to form a network theory. It is the
goal of this work to introduce a similar methodology for laser arrays.
Fortunately a network formulation exists for waveguide circuits (i.e.,
scattering matrices) thus all we need to do is to reformulate the array
problem into this format. This is done by treating the individual gain
elements as a pair of unilateral linear amplifiers interconnected by the
longitudinal couplers each of which is represented by a scattering matrix.
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This, in effect, neglects the nonlinear interaction between the right and left
travelling waves in the gain section.
If lateral coupling in the array occurs primarily in the gain sections and
not in the DBR sections or if the lateral coupling in both the gain section
and the DBR section are similar, then the lateral and longitudinal coupling
become separable and may be treated independently. In this case, each of
the lateral coupled gain sections behaves as 2m coupled unilateral linear
amplifiers, where m is the number of lateral gain elements.
The longitudinal coupling is incorporated into the array theory via a
scattering matrix formulation. The two-port network representation is shown
in Fig. 2 where the gain sections are shown as a pair of thick parallel
horizontal lines to depict the linear transmission-line nature of the gain
section and the grating is a symmetric, reciprocal 2-port network which is
characterized by a lossy scattering matrix [;

; ] , where r is the reflectivity

and t is the transmittivity of the DBR, both functions of wavenumber, {3.
The dissipative and radiative losses are represented by a, where lrl 2 +ltl 2 +

lal2 = 1.
An alternative schematic representation is the signal flow graph shown
in Fig. 3. This figure depicts the relationships between the wave amplitudes
now written in terms of the state variables, x. Each amplifier represents m
laterally coupled gain elements and the boxes represent the coupling of
gain sections. This picture is useful in establishing the longitudinal coupling
equations.

XJ.k-1

Fig. 3.

Signal flow graph representation.
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One-Dimensional Longitudinal Coupling

Let us first consider a one-dimensional longitudinally-coupled array and
ignore the lateral coupling. Each DBR couples two adjacent gain sections,
for example the kth and (k+ l)st gain sections are coupled by the (k+ l)st
DBR, thus

E 1,k(L) = rk+!Er,k(L) + tk+ 1 E1,k+!(O)

(1)

and the (k -l)st and kth are coupled by the kth DBR

Er,k(O) = rkEI,k(O) + tkEr,k-!(L)

(2)

where 0 corresponds to the left end, L corresponds to the right end of a
gain section, rk and tk are the wave reflectivity and transmittivity of the kth
DBR respectively, and E is the amplitude of the electric field.
To cast these relationships into algebraic form, the state variable vector,
Xr = [ Xr,I , Xr,z, ••• , Xr,n ]T is defined to be the n- dimensional vector of all the
right travelling wave amplitudes at the left of all the gain elements, e.g.,
xr,k = Er,k(O) where n is the number of gain sections in the array. Similarly,
x 1 is defined as the vector of the left travelling wave amplitudes at the right
of the gain sections, e.g., x1,k = E1,k(L). These are the input waves to either
side of the gain sections in contrast to Er,k(L) and E1,k(O) which are the
output waves.
With these definitions Eqs. (1) and (2) become
Xr,k

=

rkAfkxl,k + tkAfk-!Xr,k-!

x,,k

=

rk+!Afkxr,k + tk+!Afk+Ixl,k+!·

(3)

The boundary conditions at the ends of the array can be absorbed into the
reflectivity of the first and last DBRs so that xr,o = 0 and x 1,n+I = 0, without
loss of generality. Specifically, let r 1 be the complex reflection coefficient
terminating the left end of the left-most DBR in the array. With reference
to Fig. 4, the DBR scattering equations relate the outgoing waves, b, and
b2 to the incoming waves to a, and a 2 , e.g., b2 = ra 2 + ta, and b, = ta 2 + ra 1 •
Solving for b2 / a 2 results in the equivalent terminated DBR reflectivity
r!T = r, + r,ti/(1- r,r,).
Equation (3) is a set of n homogeneous linear equations in the variables
xr,k· In matrix notation Tx = 0. Thus to have a nontrivial solution the

[ rt tr

Fig. 4.

l

- e n d reflectivity

Array termination equivalent reflectivity.
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determinant of the coefficient matrix, T, must be zero. This is the oscillation
condition. Since this matrix is generally large, the determinant cannot be
found analytically so that an iterative method is required to find the complex
value of A that makes the determinant zero. Because this method will be
numerically very inefficient, this approach is not very desirable. If a similarity
transformation can be found that will transform T into an eigenvalue form,
e.g., (K- JLI)x = 0, where K is independent of A and JL depends upon A
then a significant simplification results.
Equation (3) is shown in matrix form in Eq. (4).
-1

0

Ardl 0

0

0

0

Atdl
0

0

0
0

0

Atnfn-1

-1

0

0
-1

Ardl

0

0

[::] =0.

0

0

0

Atdl

Arnfn

0

0
0
0

0

Atnfn-1
0

0

Arn+l/,t

-1

(4)
Equation (4) can be written as
[Sr
Cr

C,J [ Xr] =O
s, x,

(5)

where Sr couples right-travelling waves to right-travelling waves across gain
sections via the DBR transmissivity similarly S 1 couples left-travelling waves
to left-travelling waves. The C matrices couple right to left travelling waves
via the DBR reflectivity. These matrices can be expressed in more compact
form as S 1 = -I+ AsT Tf, Sr = -I+ AsT+f, Cr = Ap+f, and C 1 = Apf. The matrix
s is the subdiagonal shift matrix,
0

0
1

s=

0
0

The matrices p, P+,
[J; ,/2 ,

•••

T, T +,

0

1

0

and f are diagonal matrices with diagonal elements

,J,.], respectively.
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Equation (5) can simplified by eliminating xi> e.g., x 1 = S) 1Crxo factoring
Cr from the right, and multiplying by the inverse of C 1 from the left to
obtain [S1 1 - C! 1SrC;:- 1]Crxr = 0 which reduces the size of the problem by
two.
The inverse of S 1 can be obtained from the matrix series expansion of
(I- X)- 1 • If X"= 0, where 0 is the zero matrix, then by direct substitution
it can be shown that (I- X)- 1 =I+ X+ X2 + ... + X"- 1•
Since S 1 =-I+Asrrf, let X=Asrrf then Xk=(Asrrf)k. It can be easily
demonstrated that the nth power of the shift matrix is zero (each shift
operation moves a vector's coefficients down one position so that after n
shifts the vector is zero). Furthermore, since rf is diagonal then (sr)" = 0
implies (s r rf)" = 0 which then implies X" = 0 so that the expansion of
(I- X)- 1 is valid. For example, let sk = t,jk then
0

~

0

0

0

0

0

Sn

Sn

0

0
0

0

SzS3

0

0

0
0

0

~

0

0
Sn-!Sn

0
0

0
0

0

Sz

sn-1 =

n-1

0

s"
0

0

~ [l

0

0

rr;C]

Thus
hl,2
I

S( =-In-

[ 0•
~

h:~·:. ]~ -li

hl,2

h,"

0

l

~~···

(7)
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where the h;j are given by
(8)

Thus

[s-~-c-ts c- = [~
I

I

1
r ]

r

h1,2

•••

•

0

0
diagonal
terms

subdiagonal
terms

Let Y be the matrix on the right-hand side of Eq. 9. If Y is operated on
with a diagonal similarity transformation, i.e., P- 1YP, with elements p; then
the diagonal portion of the matrix In- A - 2 (pp+)- 1f- 2 is unchanged, the
i- jth entry of the upper triangle (e.g., h;) is multiplied by pi 1 Pi, and the
sub diagonal portion, A - I p -tr- 1sr+(P+)-\ is multiplied by pi-11 p;. The goal
is to select p; to eliminate the powers of A from the off-diagonal terms, e.g.,
pi 1Pi h;j = 1 fori§ j. Since h;j is separable, e.g., h;j = YJ(j)/ TJ(i) p; can easily
be found to satisfy this requirement, e.g., pi 1 = TJ(i).
Thus let pi 1 = A;TI{= 1 tJk then

Define qk = tk/ rk, then r(p )- 1 = q and r +(P+)- 1 = q+, where q is the diagonal
matrix with elements [q~> q2 , ••• , qn] and q+ is the diagonal matrix with
elements [q2 , q3, ... , qn+I] so that the subdiagonal terms are
P- 1{A - 1 (pf)- 1sq+}P. Noting that (pf)- 1 = q( rf)- 1 and sq+ = qs, the subdiagonal terms become P- 1{A - 1q2 ( rf)- 1s}P. Utilizing the diagonal nature
of q, P- 1q2 = P- 1q2 PP- 1 = q2 P- 1, we can factor this to q2 P- 1{A -t( rf)- 1s}P.
Finally note P- 1{A -t( rf)- 1s}P = s so that

1p- 1[SI

~

• ·
.

0

...

c-ts r c-r ]P = [ .•
I

1

diagonal
terms

subdiagonal
terms

,........,.._.,
q2s

0
(10)
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Let
1

0

L= [ ..
0

.

•
1

~

j

1

1

q~
0

2

+q s=

(11)

...
0

0

1

Then the lasing condition becomes

Factoring C 2 (P+P )- 1 from the left results in
eigenvalue equation

(13)
Since P{C 2 (pp+)- 1} is not singular, A - 2 are the eigenvalues and P- 1Crxr
are the eigenvectors of the longitudinal coupling matrix K = PP+CZL. The
eigenvalue equation contained in (13) can be reformulated as,
1
A2

=~-tL'I)

(13a)

'1

where ILL~ is the 7]th eigenvalue of the longitudinal coupling matrix K.
Equation (13a) is a generalized Fabry-Perot oscillation condition, where
11-L'I) can be thought of as the effective modal reflectivity.

C.

A One-Section Example

Let us consider a simple array with one gain section so that
(14)

this results in the oscillation condition
(15)

The quantity fkA is complex gain of the kth gain section. Gpk = lfkAI 2 is the
power gain and arg (fkA) = arg ( ejf3L) = jf3L is the phase delay of the kth
gain section. Thus
(16)
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Recall that the end gratings must be terminated so that the reflectivity is
replaced by its equivalent terminated reflectivity. Thus the general oscillation
condition for a DBR terminated laser is
[( r 1+

1

~~ti ) (r2+ ~ 2 d ) (ap 1 e 2jf3,L,_1)] = 0.
1

rlrl

r2r2

(17)

When the frequency is far away from the Bragg condition then r ~ 0 and
t ~ 1 so that
(18)
which is the standard Fabry-Perot result.
D.

A Two-Section Example

Let us consider a simple array with two gain sections so that
(19)
Then the oscillation condition is
(20)
We can put this into more conventional form by multiplying through by
A 4 and substituting t / r for q, thus
(r 1 r2 (fiA 2 ) -l)[r2 r3 (f~A 2 ) -1]- UiA 2 )(f~A 2 )r 1 r3 t~ = 0.

(21)

Substituting for A results in

jf3, L, -l)(r r Gp2 e

(r1r2GP1 e 2

2 3

2jf3 2L 2

-1)- r 1r3 t~Gp 1 Gp 2 e 2j(f3,Lz+f3,L,) = 0,

(22)
which is, except for notation and ignoring antiguiding, the same oscillation
condition as that found in Hardy and Streifer (1985).

E.

A Ten-Section Example

With reference to Fig. 1, the nominal array specifications for the device to
be considered are given in Table I.
Figure 5(a) shows a plot of the phase of the square of the effective
reflection coefficient for a one-dimensional grating-coupled array as a function of 8 = 11{3/ f3s for a 10-section array with DBR parameters K = 10 em-\
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Table I

Nominal specifications for 2-D GSE
arrays that are evanescently-coupled
through the gain elements in the
lateral direction and are mutually
injection-coupled through DBR
sections in the longitudinal
directions
Parameter

Value

Ao

240L5A
1250
1so,.,.m
10

No
L
n

m
s
WR

4J.LID
4J.LID

a=8cm-\ and g=2cm- 1 8=0. Note that the vertical scale has been
normalized to 'TT. As expected, the phase of the effective reflection coefficient
is split into 10 branches, labeled 1 through 10 each of which decreases
nearly linearly as 8 increases. The phase of each branch has been adjusted
by adding integral multiples of 27T so that it crosses 8 = 0 in the range
0,.; phase,.; 2'TT.
The gain-section phase delay is shown as the series of positive-slope
straight lines overlaying the effective reflection phase curves in Fig. 5(a).
The intersections of the effective reflection phase curves and the linear phase
delay curve of the gain section define the wavenumbers of the modes of
the array. Figure 5(b) is a plot of the threshold gain, gth =In (lffli)/ L+ a,
for each of these modes.

F.

One-Dimensional Lateral Coupling

In this section we outline the conversion of a coupled-wave model into a
network model. We use evanescently-coupled ridge-guided gain elements
with nearest-neighbor coupling to formulate the theory. Other types of
lateral coupling could be used without any change in the formulation, for
example, Streifer et al. (1987) establishes the coupling matrices for Yjunction lateral coupling.
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(b)

A lOx 1 example.

If we assume that an isolated ridge-guided gain element supports a single
mode then a travelling wave in the positive z direction will be given by
E(x, y, z, t) = Er(z)e(x, y) exp ( -jwt+ y0 z)

(23)

where Er(z) is a slowly varying complex wave amplitude and e(x, y) is the
normalized lateral and transverse wave shape. To characterize the ensemble
of right travelling waves in the lateral-coupled gain region of a single gain
section of the array we use the amplitude vector E{(z) = [E:(z),
E;(z), ... , E;."(z)]T where the superscript represents the right travelling
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wave amplitude in the jth lateral element. If we assume that opposite
travelling waves do not couple in the gain medium, then the behavior of
the group of waves can be modeled by m coupled-wave equations in the form
aEr(z)
- - - 'YoEr(z) = MEr(z)
az
A

(24)

where 'Yo is the unperturbed propagation constant and M is the distributed
lateral coupling matrix, e.g., for four lateral evanescently coupled lasers
with the nearest-neighbor interaction with strength K,

A
M=

[~

0
0

K

0

0

K

K

0

0

K

We have two sets of these m equations; one set of m for both the right and
left travelling waves. Our goal is to replace the set of 2m differential
equations in the gain section by an algebraic relationship between the wave
amplitudes at the boundaries.
We begin with the solution of coupled-wave equations (24) which relate
the array mode propagation constants yj to the isolated mode propagation
constant y 0 , by a mode-splitting factor, e.g., 'Yj- 'Yo= ILMj· We define the
vector v(z) = [e~-'M,z, e~-'M2Z, ... , e~-'Mmz]T to represent the slowly varying part
of the mode amplitude due to lateral coupling. The solution to Eq. (24)
will be in the form given by Er(z) = exp ( y 0 z)Cv(z), where Cis a matrix of
coefficients. Substituting this proposed solution into the coupled-mode
equations results in
(25)

CILMv(z) = MCv(z)

where ILM is the diagonal matrix composed of the /-LMj. This result shows
that C is the similarity transformation that diagonalizes the distributed
lateral coupling matrix, M, v(z) are the eigenvectors, and ILMJ are the
eigenvalues.
To relate the wave amplitudes at either end of the gain section we note
that Er(L) = exp ( y 0 L)Cv(L) and Er(O) = Cv(O) and
v(L) =

[e~-'OO"·'L

0 ... :
• • •0

l

e~-'MmL

v(O).

(26)
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So that
0

(27)

which in matrix notation is
Er(L) = exp ( y 0 L)MEr(O) = AMEr(O)

(28)

where A= exp ( y 0 L). We define the lumped lateral coupling matrix for the
gain region by M = C exp (t-tML) c-I = exp (ML). We see that AM is the
travelling wave amplitude matrix transfer function across a nominal gain
section. Finally note that nothing in this treatment restricts the approach
to nearest-neighbor interaction.

G.

Two-Dimensional Coupling

To combine the longitudinal and lateral network approaches into a twodimensional model we start by redefining the state vectors Xr and xi, e.g.,
Xr

=

I
I
I
2
2
2
m
m
m ]T
[ Xr,l,
Xr,2, . . . , Xr,n, Xr,l, Xr,2, . . . , Xr,n, . . . , Xr,l, Xr,2, . . . , Xr,n

then the kth segment of x" xr,k = [x:.k> x;,k> ... , x;:'k] r, corresponds to the
lateral components in the kth gain section. Thus Eq. (3) becomes
Xr,k

=

rkA.ficMxJ,k + tkAfk-IMxr,k-I

x 1,k = rk+tAfkMxr,k + tk+tAfk+tMxt,k+I.

(29)

As before in Eq. (5), Eq. (29) is equivalent to the set of matrix homogeneous
equations

[~: ~J

[:J

=0.

(30)

However, in this case the submatrices are n times m on a side. We utilize
the Kronecker (Pearson, 1983) matrix product to simplify notation. The
Kronecker matrix product is a distributive, associative operator that has
the following properties:
1. If A=[aij], and B=[bk 1]m where n denotes an nxn matrix then
(A® B)= [F ij], where Fij = aijB. Thus each element of the matrix A is
replaced by the matrix aijB.
2. If A- C and B- D where -denotes same size matrices then (A@B) x
(C®D) = (AC®BD).
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3. (A®Br = (A"®B").
4. If A and Bare nonsingular then (A®B)- 1 =(A - 1 0B- 1 ).
5. If /-Lj (j = 1, 2, ... , n) are the eigenvalues of A and Ak (k = 1, 2, ... , m)
are the eigenvalues of B then /-LjAk(j = 1, 2, ... , n; k = 1, 2, ... , m) are
the eigenvalues of A®B).
6. Det (A®B) = [Det (A)r[Det (B)r.
Thus S 1 =-In0Im+AsTrf0M, Sr=-In®Im+Asr+f@M, Cr=Ap+f@
M, and C1 = Apf@ M, where In denotes the n times n identity matrix. As
before the inverse of S 1 can be obtained from the matrix expansion of
(I- X)- 1 • Since S 1 =-In ®Im + AsTrf@M, let X= AsTrf@M. Using
property (3) we get Xk= (AsTrf)k@Mk. We have already shown that
(sTrrr = 0 thus X"= 0 so that the method of inversion remains valid.
Performing the expansion results in

s-l
1 =-I n ®I m -

[

h~,nJ

~
.

hn-!,n

0

0

hl,2

•••

= -[';

,

0

0

(31)
where the m x m submatrices

h;J

are given by
.

h;J =

.

(AM) 1 -•

j

I1 rJ'k·

(32)

k~i+!

Equation (9) now generalizes to
Im

c-IJ
=
[s I- 1 - c-Is
I
r
r

[

hl,2

•••

o·
0

0

(33)
subdiagonal terms

diagonal terms

As before this can be transformed into eigenvalue form by a similarity
transformation, however, in this case the transformation is an n x m by
n x m matrix composed of m x m submatrices along a diagonal, e.g.,

P-

[~

0

.

0

(34)

0
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where 0 are m x m matrices with all zero entries, and the m x m diagonal
matrices are given by
j

0 t,Jk.

p~ 1 =(AM);

(35)

k~l

Performing this transformation results in

=
c-l]p
p-l[S I-I- c-IS
r
r
I

r~

l

·

0

i

0

Finally
eigenvalue equation

The eigenvalue equation part of (37) can be rewritten as,
(37a)
where /-tL"~ is the 77th eigenvalue of the longitudinal coupling matrix L, /-tMv
is the vth eigenvalue of the lateral coupling matrix M, and L is the length
of a gain section. This is an equivalent Fabry-Perot oscillation condition
where exp (2~-tMvL)~-tL"~ can be thought of as the effective modal reflectivity.

H.

A 3 x 3 Example

To illustrate some of the features discussed we consider a 3 x 3 matched
uniform array. The lateral coupling matrix is given by
K

0
K

where
by

K

~]

is the lateral coupling coefficient. The eigenvalues of

/-tM, =

2K

COS ( //;).

Mare given
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The longitudinal coupling matrix is given by

K~,H

], :]

with eigenvalues given by
f.LL 71

=

r 2 {1 +2.J2[3 q cos [cos- 1 (3v'3 q/4v'2)/3+2rJ7r/3]}.

Thus the lasing condition is

1
A 2 = r 2{1 +2.J2[3 q cos [cos- 1 (3v'3 q/4v'2)/3
VTJ

C'

+ 2rJ7T]} exp ( 2KL cos 4'1T))
where j and k take on the values of 1 through 3. This leads to the phase

2.------------------------------------.

0.12

1911

0.1
0.08
0.06
0.04
0.02

0

1.5

0.5

2

2.5

!1~1~

Fig. 6.

A 3 x 3 example.
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condition
47TNLBv71 .,;+ 2g1T = arg (r 2 {1 + 2.J273 q cos [cos- 1 (3v'3 q/ 4v'2)/3 + 27]7T/3]}

+ 2 lm [K]L cos ( v?Tj 4)
where rand q are both functions of Bv71 g. Note that the imaginary part of
the lateral coupling coefficient leads to a three-fold splitting of each of the
branches of the longitudinal phase.
The phase and amplitude conditions for this 3 x 3 case are shown in
Fig. 6. As expected there are nine branches to the phase of the effective
reflectivity, however, in this figure we have shown only one of the branches
associated with the mode number g. The bullets at the intersections of the
two sets of curves are the relative wave numbers of one set of allowable
modes corresponding to a single value of g. The modes with the larger
effective reflectivity require less threshold gain and are the ones most likely
to oscillate. Note that the real part of K has been assumed zero so that there
is no splitting of the amplitude of the effective reflectivity.

III.
A.

EXPERIMENT

Approximate Analytic Expressions and Comparison with Experiment

In the previous sections, the formal development of the network theory was
presented, and example calculations of the modal gain spectra were given
for specific array structures. It is also possible to calculate the scaling
properties of a specific array structure. Characteristics such as threshold
gain, differential quantum efficiency, and intra-cavity power distributions
can be modeled as a function of the array size (i.e. number of gain and
DBR sections) using the network theory. Such model calculations of the
array scaling properties are of practical value because they can be used to
identify the critical parameters associated with optimizing the array design.
The threshold properties of a 2-D array can be obtained from the
maximum effective modal reflectivity (defined in Eqs. (13a) and (37a)) that
occurs for the allowable modes, e.g.,
lffi~axl =max lm;,71 ( Bv 71 .,;)l

(38)

81-'Tj~

since the threshold gain per unit length is
(39)
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where aL is optical absorption loss coefficient for the gain sections. Results
of calculations show that in an uniform array (i.e. identical gain sections
and identical DBR sections) the natural log of the maximum effective modal
reflectivity varies nearly inversely with the number of sections. Therefore,
I!R~axl must have a nearly exponential dependence on 1/ n. The exact form
of this dependence can be obtained from I!R~axl for n = 1 and I!R~axl for
n = oo, since these cases can easily be derived by physical arguments. When
n = 1, I!R~axl is exactly that of a single grating, thus

~
a 2 +lrl 2 +lti 2 =1~I!RI= Vt+;lo

(40)

where q0 =It! rl at ll{3/ f3 = 0. As n goes to infinity, the contribution of the
end losses becomes negligible. Then, in the case of a uniform array, the
threshold gain must equal the sum of the losses in the DBR section and
the gain section. Therefore, the effective power reflectivity as seen by a
single gain section is I!R~axl = r 2 + t 2 = 1- a 2 • Placing the limiting results for
n = 1 and n = oo into an exponential relationship between I!R~axl and 1/ n
results in
I!Rmaxl = J1- U 2 exp (ln (J1 + q~)/ n).

(41)

The lowest threshold mode occurs very near the Bragg condition. Therefore,
the frequency dependence of I!R~axl can be ignored and the value of I!R~axl
at fl/3 I f3a = 0 can be used. So it is not necessary to calculate the details of
the frequency dependence of I!R~axl in order to model the threshold characteristics of an array. This is an important result because it makes it possible
to do analytic calculations of the scaling properties of the threshold characteristics of GSE arrays. Using this approximation, and substituting Eq. (22)
into Eq. (20) gives the following result for the threshold gain
DBR Joss
active section Joss

~

end loss

~

gth(n) = ~--ln J1- a 2+-ln (J1 + q~).

L

nL

(42)

This equation predicts an inverse relationship between the modal threshold
gain and the number of laser sections. Each term in this equation corresponds to a distinct loss mechanism. The first term, as explained above, is
the optical loss per unit length in each gain section. The second term is the
total optical loss per unit length (including out-coupled light) in each DBR
section. The third term represents the end losses, when the array has been
terminated by DBR sections and unpumped gain sections. For sufficiently
large n, this last (end loss) term is negligible, and the threshold gain simply
equals the sum of losses due to optical absorption in a gain section and
the total losses (absorption and output coupling) in a DBR section.
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Fig. 7. Reflectivity and threshold gain versus reciprocal of number of array
elements.

Figure 7 shows the calculated maximum effective modal reflectivity
(shown on a semi-log plot) and threshold gain as a function of 1/ n from
both the network theory (points) and the approximate theory (lines).
Because of the good agreement between the numerical result of the network
theory and the analytic result of the approximate theory, the analytic result,
which is computationally less demanding, can be used to study the effects
of the various parameters on the threshold properties of the array gain.
Both the threshold current density and the differential quantum efficiency
can be calculated directly from the threshold gain.
To obtain the threshold current density from the threshold gain, the
current-gain relationship for the active layer structure must first be known.
The arrays that we have fabricated and studied experimentally typically
have gain sections consisting of a graded index separate confinement
heterostructure with a single quantum well (GRIN-SCH-SQW) active layer.
For this type of structure, Chinn et al. (1988) have shown that the threshold
current density, J,h, is well approximated by In (l,h/ 10) = ( G,h/ G 0 ), where
10 and G 0 are empirical constants that depend on the dimensions and
composition of the GRIN-SCH-SQW (Chinn et al., 1988). Experimental
measurements of J,h for injection-coupled GSE arrays as a function of n,
the number of gain sections, have shown that the logarithm of J,h exhibits
a linear dependence on 1/n (Carlson et al., 1988). In this respect, the
network theory exhibits good qualitative agreement with experiment. Figure
8 shows one example of experimental data on the threshold current density
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Threshold
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1/N

Fig. 8. Measured threshold current density versus reciprocal of number of array
elements.

versus 1/ n. This particular array had gain sections that consisted of ten
evanescently-coupled ridge-guided lasers. The exponential dependence of
threshold current density on 1/ n has also been measured for GSE arrays
with Y-guide coupling in the gain sections, as well as linear GSE arrays
(Carlson et al., 1988). These experimental results show that the linear
dependence of lnl1h on 1/ n is a general property of injection-coupled
GSE laser arrays, and the predictions of the network theory are also
consistent with this observation. Although the qualitative behavior is well
understood, a quantitative verification of the threshold current density
dependence on n is still lacking because some of the device parameters
(e.g. DBR section reflectivity and transmissivity and absorption losses in
DBR sections and gain sections) are not known with sufficient accuracy.
At threshold, the external quantum efficiency, YJext• for any laser is defined
as the ratio of the useable output power to the total simulated power in the
laser. For a GSE array, the approximate analytic expressions can be used
to derive the following analytic expression for the external quantum
efficiency,

~)

1
( -lnvq
r::--:5_
1
1 [ -lnv1-a-+
YJext=-0+1
g1h(n)

L

nL

J{a~~R}
- - YJo

ln ~
r:---:;
aLL-lnv1-a 2

ll'osR

(43)
where a~~R/ a 08 R is the ratio of useable output coupled light to total losses
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in the DBR and YJo is the internal quantum efficiency. The physical justification for the above equation is as follows. gth is the total stimulated
power at threshold per unit length. The first term of the factor in square
brackets is the total power lost in the DBR sections. This is multiplied by
a~~RI aoBR to obtain the fraction of usable surface emitted power. Since it
has been assumed that the array has been terminated by uniform regions
of unpumped gain sections and DBR sections, some of the power lost out
the ends of the array will be out-coupled by DBR sections beyond the
pumped sections of the array. The second term of the factor in square
brackets represents this contribution to the power, and it too must be
multiplied by a~~RI aoBR· A different type of array termination would give
a slightly different external quantum efficiency, since there would be a
different fraction of the end loss power coupled out as useful power. As
the number of gain sections is increased, the power contribution from the
end losses becomes negligible, and the differential quantum efficiency is
independent of the array termination. Therefore, in the limit of large n, this
result is valid for all types of array termination.
Figure 9 shows a plot of the threshold gain and external differential
quantum efficiency as a function of the number of injection-coupled gain
sections in the array. These curves were calculated using the analytic forms
derived from the approximate theory. The values of the parameters were
inferred from experimental data. They are best estimates of the parameters
for the arrays that have been reported in Carlson et al. (1988); Evans (1989).
The ratio of useable output coupled light to total losses in the DBR,
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Fig. 9. Calculated threshold gain and external quantum efficiency versus number
of array elements for devices reported in Carlson et al. (1988).
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a~~R/ a 08 R, is chosen as 1/3 because the early experimental results reported

were for arrays mounted p-side up (see Chapter 4). A comparable level of
light will usually be out-coupled on the n-side and radiated into the substrate. In Figure 9, the differential quantum efficiency slowly increases as
n increases. For n = 10, it is 12% which agrees well with the measured values
of 12-15% for lOx 10 GSE arrays reported in Carlson et al. (1988), and
Evans (1989). The threshold gain drops by about a factor of two as n is
increased from 2 to 10.
Figure 10 also shows a plot of the threshold gain and external differential
quantum efficiency as a function of the number of injection-coupled gain
sections in the array. However, the parameters used here correspond to
those of a theoretically optimized array. The best GRIN-SCH-SQW lasers
have losses typically of about 5 em_,_ The amount of useable surface emitted
light (a~~Ri a 08 R) can be increased by growing arrays on substrates that
are transparent to the operating wavelength of the array, so that when
mounted p-side down (for better heat sinking) the light will be transmitted
out the n-side of the wafer (Evans et al., 1989). In this configuration, the
n-side of the array would be anti-reflect coated and the p-side would be
high reflect coated so that the maximum amount of grating-coupled light
will be emitted out then-side of the wafer. This should increase a~~Ri a 08 R
to about 0.8. The optimized 10-element array in Fig. 10 has a differential
quantum efficiency greater than 75%, which is comparable to what has been
reported for the best edge-emitting lasers (Welch et al., 1987). Also, for an
array with n = 10, the threshold gain of the optimized array is reduced by
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Fig. 10. Calculated threshold gain and external quantum efficiency versus number
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about a factor of two relative to that calculated for the present arrays in
Fig. 9. This will decrease the threshold current density resulting in a higher
total conversion efficiency for the array.
As discussed in the previous section, the linear network theory can also
be used to calculate the field distribution inside the array. This can be very
useful for optimizing the array for single mode operation. In an optimized
GSE array design, the power flowing into each gain section in the array
should be as uniform as possible over the extent of the array. This is
important for obtaining maximum utilization of the available gain in the
array. Besides optimizing the conversion efficiency, a uniform power distribution can improve mode discrimination at power levels where nonlinear
gain saturation effects occur (Streifer et al., 1986). Also, as the size of the
array increases, a uniform power distribution will help to prevent the array
from decoupling into smaller sub-arrays that oscillate incoherently with
respect to each other. A figure of merit which can be used for characterizing
the uniformity of the power flow to the gain sections is the root-mean-square
power deviation, llP 2 , which is given by
n

llP 2 =L[Pm-.Pf
m=l

where Pm, the total power flowing into the mth gain section, is given by
Pm

=

IEl,m(L)iZ+IEr,m(O)j2

here E1,m(L) and Er,m(O) are the left and right travelling input waves to
each end of the mth gain section. As described earlier, the travelling waves
are the eigenvector of state-variable vector components. The average power
to each gain section is given by

Optimization of an array can then be accomplished varying the design
parameters to obtain a minimum in the rms power deviation, llP 2 • Note
that !lP2 ;;;::: 0, but because of end losses llP 2 will not actually go to zero.
Also, the characteristics of the second order grating have a great influence
on llP 2 • This occurs because the output coupling of the second order grating
represents a coherent loss, because it depends on the relative phase of the
oppositely propagating waves in the DBR waveguides. In general, the lowest
loss mode will be the one where the radiative losses in the DBR waveguide
sections are minimized. In a uniform array, this occurs when the radiated
fields associated with each travelling wave destructively interfere. For nonuniform arrays, it is not generally true that the lowest loss mode radiates
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the least amount of light, and in some cases nearly uniform near fields can
be obtained.
In order to calculate the resulting near-field distributions of the gratingcoupled light output, a detailed model for the second order DBR sections
is required. This model will have to calculate the electric field distribution
in the gain and DBR sections, as well as the field distribution of the light
out-coupled by the grating. The inputs to the DBR model will be the
near-field inputs to the DBR sections that are provided by the network
theory calculations. There are many such models of second order gratings
in the literature, however, at this time there is no consensus as to which is
most accurate. To date, only the coupled-mode approach (Streifer and
Scifres, 1976) has been used to model second order DBR sections in GSE
arrays (Shakir et al., 1989). This approach does not explicitly calculate the
field distribution of the radiated light. However, the near field can be taken
to be proportional to the sum of the forward and reverse travelling waves.
Since the network model can be used with any grating model, more detailed
models under development (see Chapter 4 on gratings) that explicitly
calculate the radiation field due to the grating coupling could be incorporated into the network model.
In conclusion, this network theory calculates the threshold properties of
an arbitrary two-dimensional laser array structure from a set of parameters
associated with the individual elements that comprise the array. From these
results critical elemental parameters for optimizing the array performance
have been identified. The network theory predictions of the threshold
characteristics of injection-coupled GSE arrays show good qualitative agreement with the experimental results. A quantitative comparison between the
network theory and experiment awaits the development and application of
improved models for the DBR section and more accurate measurements of
the parameters associated with the gain sections and the DBR sections.
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Chapter 8
EXTERNAL METHODS OF PHASE
LOCKING AND COHERENT BEAM
ADDITION OF DIODE LASERS
James R. Leger
Department of Electrical Engineering, University of Minnesota, Minneapolis, Minnesota

A diode laser array is capable of producing very high optical powers from
a relatively small emitting region. Applications requiring simple illumination
such as solid-state laser pumping take direct advantage of the high power
and efficiency of these sources. In addition to power, however, a large class
of applications require a high-quality wavefront profile as well. Several
on-chip techniques for establishing wavefront coherence and phase control
are reviewed in Chapter 2.
In this chapter, we explore wavefront control methods applied externally
to the laser array chip. The laser cavity is no longer restricted to a planar
topology, providing a degree of flexibility and control over a twodimensional array that does not exist in a monolithic structure. Micro-optics
can be introduced to shape and modify each laser beam; other optical
devices such as spatial filters and gratings can affect the entire ensemble of
beams, assisting in establishing mutual coherence and wavefront control.
This chapter is divided into three parts. The first section reviews the basic
concepts of laser beam combining. Incoherent multiplexing schemes are
briefly described, and their limitations noted. The radiance theorem is then
introduced in the context of coherent beam addition, and the two basic
methods of increasing radiance are shown.
The second section describes the far-field behavior of a two-dimensional
diode laser array in detail. The Strehl ratio is introduced as a measure of
SURFACE EMITTING
SEM !CONDUCTOR
LASERS AND ARRAYS
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source radiance, and equations relating array magnitude and phase nonuniformities to the Strehl ratio are developed. Finally, we describe the effects
of partial coherence and laser position on the far-field.
In the third section, several external methods are explored for establishing
coherence, controlling lateral modes, and combining the individual laser
beams. Fourier-plane spatial filtering and diffractive coupling both utilize
a common cavity to establish coupling between lasers and provide coherence. The differences between these two techniques are explored. External
master oscillators offer an alternative method of phase-locking lasers. Both
laser injection-locking and master-oscillator-power-amplifier (MOPA) systems are described. Finally, we review a few of the methods available for
combining the individual coherent laser beams into a single beam with high
Strehl ratio.

I.
A.

REQUIREMENTS FOR LASER BEAM ADDITION

Coherent versus Incoherent Laser Combining

Laser arrays consist of a collection of individual lasers, each with its own
characteristic properties and light distribution. Laser beam addition converts
this complicated superposition of wavefronts into a common beam that
appears to have come from a single laser. The properties of the resultant
wavefront (e.g., wavelength and polarization) must be identical to those of
a single laser. A conceptual block diagram of the beam addition process is
shown in Fig. 1.
Laser beam multiplexing is also concerned with coupling light from several
laser sources into a single beam. In this case, however, the different properties of each beam are retained, and the resultant wavefront is more complex
than any single laser. For example, a polarizing beamsplitter can be used
to multiplex two laser beams of orthogonal polarization into a common
beam (Fuhr, 1987). But, unless the lasers are locked together in phase, the

MANY
INDIVIDUAL
LASERS
Fig. 1.

LASER
BEAM
ADDER

"SINGLE"
LASER
BEAM

Conceptual block diagram of the beam addition process.
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resultant beam will be randomly polarized, increasing the complexity of
the wavefront. A second method of beam multiplexing uses diffraction
gratings (Minott and Abshire, 1987) to superimpose laser beams of different
wavelength. Each beam is incident on the grating at a different angle
corresponding to its wavelength, and the combined beams exit the grating
along a common direction. In theory, this method is capable of coupling a
large number of lasers into a single beam, but the bandwidth of the result
is much wider than any single laser. Dichroic mirrors have also been
employed for wavelength multiplexing (Blau eta/., 1987; Smith, 1987).
This chapter is concerned exclusively with laser beam addition, where
the complexity of the output beam does not increase. We start by considering
two simple optical systems for beam addition and compare the performance
of each with mutually coherent and incoherent laser sources. The simplest
optical component for combining two beams is a beam splitter (Fig. 2). We
imagine two mutually incoherent sources, each producing a wave with
intensity 10 , incident on a 50% reflective beam splitter. The mutual incoherence allows us to calculate the intensity of each beam separately, and sum
the two resultant intensities. Clearly, each source beam is split into a
transmitted beam and reflected beam of equal intensity 10 /2. With both
lasers present, the intensities of the beams exiting the beam splitter are
simply double the value from a single laser. Hence, the exiting beams each
have an intensity 10 , and no increase in beam power is obtained.
Consider now the identical experiment with two sources that are mutually
coherent. The complex amplitudes from the two sources must now be
summed. Referring to Fig. 2 the amplitudes of the two exiting beams b1

II

- - - - - - - · b2

Fig. 2.

Combining two laser beams with a beam splitter.
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b2 are related to the input beam amplitudes a

1

and

a by (Haus, 1984)
2

(1)

where j = R. If the two beams differ in phase by 7r /2 radians, a!=~
and 2 = j~. From Eq. (1), the beams leaving the splitter are given by

a

(2)

12=0.
The light is completely coupled into 11 , doubling its intensity. Other relative
phases result in different amounts of light in the two beams. Clearly,
coherence appears to be necessary for beam addition using beam splitters.
We now examine a second common optical system for combining beams
called aperture sharing. We compare the on-axis far-field power from a
single source with a collection of sources that share the same aperture (Fig.
3). The on-axis far-field power can be estimated by the following simple
argument. (A more precise treatment of the far-field behavior is contained
in Section II.A.) The main diffraction lobe from a single source with a
square aperture of width D has a full angular extent given by

2A

0=D'

(3)

where A is the wavelength of light. The area of this lobe at a distance z is

LASER
COMMUNICATIONS

I(Q---(]
TRANSMITTER
MIRROR

RECEIVER
MIRROR
APERTURE
SHARING OF
N SOURCES

Fig. 3. Comparison of the power deposited in a distant receiver mirror using a
single laser and multiple laser sources to illuminate the transmitter mirror of a
free-space laser communications link.
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then simply given by
2
Dz) .
area= (ez?= ( 2A

(4)

If we assume that the entire power P from the lasing aperture is uniformly
distributed over this area, the average intensity in the central lobe region
is given by
PD 2

(5)

-I ave = A
4 22 2 •

Since the intensity distribution is actually peaked in the center, it can be
shown that the intensity 11 (0, 0) at the center of the far-field lobe from a
single aperture is actually given by:
(6)
We now compute the on-axis power of a 2 x 2 array of mutually incoherent
lasers, each with power P, sharing the same D x D aperture. The size of a
single laser aperture is now (D /2) x (D /2), and its on-axis intensity from
Eq. (6) is
P(D/2?
A22 2

/single=

PD 2

4A22 2·

(7)

Since the lasers are mutually incoherent, the on-axis intensity from all four
is simply the sum of the four individual intensities
/4 incoh =

'

PD 2
4 /single = 22 =
Az

/1 •

(8)

We conclude the on-axis far-field intensity does not increase by aperture
sharing from mutually incoherent sources.
Finally, we consider the same aperture sharing arrangement with mutually
coherent lasers. Again, Eq. (7) gives the on-axis intensity for a single aperture.
However, if the mutually coherent apertures all have the same phase, the
on-axis amplitudes add and the resultant intensity is given by
J4coh=

'

12v'PDI2 =
Az

=411.
4~~2
A z

(9)

We conclude that coherent aperture sharing sums the power of the individual
laser sources in the center of the far-field.
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It is apparent from these two examples that mutual coherence is required
for laser beam addition. For a clearer understanding of this point, we
introduce the concept of radiance in the next section.

B.

Radiance and the Radiance Theorem

The total optical power of a laser array is often given as the measure of
array performance. Although this is appropriate for some applications, the
power specification alone contains no information about the wavefront
quality of the beam. Specifically, when we need to focus the light to a small
spot or propagate the light a long distance from the array, additional
measures of array performance are required.
The power per unit solid angle (called the radiant intensity 1 by the
radiometric community) depends a great deal on the original wavefront
quality of the source. Light from a highly aberrated source will be diffracted
over a much larger angle than light from a nonaberrated source, and hence
will have a lower radiant intensity. However, this quantity is dependent on
the specific optical system used to collimate the array as well as the array
itself. For example, the diffraction-limited collimated beam of radius R in
Fig. 4 has a radiant intensity !J of

p
!}=------=

- 1r(0.61A/ R) 2 '

(10)

where Pis the total power of the beam, and we assume uniform illumination
with R »A. Clearly, the radiant intensity is dependent on the size of the
aperture R created by the collimating lens.
A more useful measure of laser performance is given by the power per
unit area per unit solid angle. This quantity is called radiance (or sometimes
brightness), and is independent of the optical system that follows the array.
Returning to Fig. 4, the diffraction-limited radiance is given by
(11)

The radiance is seen to be solely a function of the laser array, and is
proportional to the total power divided by the square of the wavelength for
a diffraction-limited source.
1 The radiometric term for incident power per unit area is irradiance. However, in this
chapter we will refer to this quantity as the intensity and reserve the term radiant intensity for
power per unit solid angle.
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R

____ l ______ _
DIODE LASER
POWER= P

COLLIMATING
LENS

Fig. 4. Calculation of the radiant intensity and radiance of a collimated diffractionlimited laser beam. The radiance is independent of the collimating optics.

Laser beam addition can now be defined as the process of summing
radiances from individual laser sources. There are two important theorems
that govern our ability to perform beam addition. The first, called the
radiance theorem (Boyd, 1983), states that the radiance of a light distribution
produced by any imaging system is always less than or equal to the original
source radiance. The second related theorem states that the radiance of a
collection of mutually incoherent sources cannot be increased by a passive
linear optical system to a level greater than the radiance of the single
brightest source. These two theorems show that mutual coherence across
all laser elements is a necessary (but not sufficient) condition for laser beam
addition.
In addition to mutual coherence, the laser beams must be combined
(perhaps by some external optical system) to create an output beam that
is uniform in magnitude and phase. (These will be described at the end of
Section III.) The definition of radiance suggests a useful way to categorize
methods of combining coherent sources. The method of superposition,
shown schematically in Fig. 5(a), requires the light from all N laser sources
to illuminate a common spot. The optical system changes the propagation
angles of the beams, resulting in a single output direction. The power per
unit area is increased by N, and the divergence is the same as a single laser.
Consequently, the radiance is increased by N. The second method, called
aperture filling, requires the laser sources to all have a common output
direction [Fig. 5(b)]. The optical system simply expands the beams until
they form a continuous wavefront. The power per unit area of the resultant
beam is the same as a single expanded laser beam, but the divergence is
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N LASERS

(a)

SUPERPOSITION

N LASERS

(b)

APERTURE FILLING

Fig. 5. Two methods of laser beam combining. (a) Superposition increases the
power per unit area. (b) Aperture filling increases the power per unit solid angle.

reduced by a factor of N. The net result is an increase in radiance by N as
before. Note that even though these two methods result in beams of different
size and divergence, they are entirely equivalent from a radiance standpoint,
and a beam-expanding telescope can be used to convert one distribution
into the other.

II.

FAR-FIELD PROPERTIES

Many coherent laser array applications require light to propagate over large
distances, and the intensity distribution in this distant plane is of principal
importance. In other applications, the beam is focused by a lens to a small
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point, and the light distribution at this focal point is of most interest. The
far-field diffraction pattern is a key measure of performance in both these
cases. In this section, the far-field behavior of a light field is calculated.
The Strehl ratio is introduced as a measure of overall performance, and the
effects of laser nonuniformities in magnitude, phase, position, and mutual
coherence are computed.

A.

The Strehl Ratio

We start with a general near-field complex amplitude distribution a(x, y)
from a surface-emitting diode laser array contained within the region rJ/l.
We assume for the moment that the distribution is spatially coherent. The
intensity distribution at a distance z » d 2 /A (where dis the maximum spatial
extent of rJJl) is given by

I(x', y', z)

=(A~? If L a(x, y) exp [ -j~:(xx' + yy') Jdx dy 1
2

•

(12)

Using this equation, a uniformly illuminated circular aperture of amplitude
A and radius R produces the familiar Airy disk far-field intensity pattern
illustrated in Fig. 6
(13)

I(x', y', z) = IA12(7TR2)21ft(27rRJx'2+ y'2/ Az) 12,
7rRJx' 2 + y' 2 / Az
Az

where 1 1 is the first-order Bessel function of the first kind.
Often, the most important feature of the far-field pattern is the intensity
at the center (x' = 0, y' = 0). For example, the critical parameter for optical
satellite communication is the amount of power deposited in a receiver
mirror located at the very center of the diffraction pattern. This intensity is
given by evaluating Eq. (12) at the origin

1(0, 0, z)

=(A~? If L a(x, y) dx dy 1
2

(14)

•

The uniformly illuminated circular aperture described above has an on-axis
intensity of

1
J(r'=O,z)=(Az) 2

If 2,- f
0

0

R

Ardrdo

12 =IAI 2 ( :zR 2)

2

,

(15)

where r = J x 2 + y 2 • Note that the on-axis intensity decreases as z- 2 according
to the inverse square law; it also increases as R 4 • This fourth power
dependence on aperture size is characteristic of a spatially coherent aperture,
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Fig. 6.

Far-field intensity pattern from a circular aperture.

and results from two factors. First, the total power radiating from a uniformly
illuminated aperture is proportional to the aperture area, or nR 2 • Second,
the beam divergence from the aperture is given by sin e = 0.61A/ R, resulting
in a solid angle proportional to R- 2 • The increased total power combined
with the decreased angular spread results in an on-axis far-field intensity
proportional to the fourth power of the aperture size.
It is sometimes convenient to express laser array performance independent
of aperture size and propagation distance. We can define the Strehl ratio
as the ratio between the on-axis far-field intensity of a test array and a
uniformly illuminated constant phase aperture with tpe same total power
and overall dimensions. 2 Consider again a circular laser array of radius R
with a complex amplitude distribution a(r, e)= a(r, e) exp [j¢(r, e)], where
a(r, e) and ¢(r, e) are the magnitude and phase of a(r, e). The total power
2 The Strehl ratio is usually defined for uniformly illuminated test apertures only (Born
and Wolf, 1970). We use a more general definition in this chapter to include the effect of
non-uniform· test aperture illumination.
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in this test array is given by

2rrfR
P1 = f 0
Ja(r,OWrdrdO.
0

(16)

Consequently, a uniformly illuminated aperture with the same power P 1
must have a constant amplitude of
ii=

2 rrfRJa(r,OWrdrdO.
~~f
V 1rR o o

(17)

The on-axis far-field intensities of the test laser array 11 and uniformly
illuminated aperture lct1 are given by

I

1
f27T fR a(r,O)exp[j¢(r,O)]rdrd0 12 ,
ItCr'=O,z)=(Az?
0
0

(18)

and

lcti(r'=O, z)= (A:?

lfrr tR {)7T~ 2 rrr tR

2
Ja(r, oWrdrdO }pdpdcp, .
(19)

The Strehl ratio S is given by the ratio of Eqs. 18 and 19:

IJ~rr

J: a(r, 0) exp [j¢(r, O)]rdrdOJ 2
1rR 2 J~rr J: Ja(r, o)J1r dr dO

(20)

It is easy to show the conditions that maximize the Strehl ratio. The

Cauchy-Schwarz inequality can be expressed in integral form as

lfrr tR a(r, O)b(r, O)rdrd0' 2
rrr tR Ja(r, oWrdrdO rrr tR Jb(r, oWrdrdO,
:S

(21)

where the equality holds only when a(r, 0) = Kb(r, 0), and K is a complex
constant. If b(r, 0) = 1, then a modified inequality results:

lfrr tR a(r, O)rdrd0' 2 rrr tR Ja(r, oWrdrd0(1rR 2),
:S

(22)

where the equality holds only when a(r, 0) equals a complex constant.
Comparing the inequality of Eq. 22 to the Strehl ratio of Eq. 20, it is clear
that the Strehl ratio S :S 1, and that unity Strehl is achieved only when the
magnitude a(r, 0) and phase ¢(r, 0) are constant.
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By defining the average of the distribution as

_a(r, (J)=-2
} J27TJR a(r, 8)rdrd8
7TR

o

(23)

o

and the average square of the distribution as
(24)
the Strehl ratio can be expressed as
(25)
The ideal diode laser array should produce a near-field distribution that
is constant in magnitude and phase, and is spatially coherent. The remaining
parts of this section consider the effects of magnitude and phase nonuniformities, coherence, and laser source distribution on the Strehl ratio.

B.

Effects of Nonuniform Magnitude

Magnitude variations across a diode laser array can result from a variety
of causes. Each diode laser produces a Gaussian-like intensity profile, rather
than the desired uniform profile. In addition, the output facets of the array
usually are separated by non-radiating regions, enhancing the nonuniformity. Finally, the intensities may vary from laser to laser due to nonuniformities in lasing thresholds and efficiencies, or as a result of operating in a
particular array mode (see Chapter 2).
The Strehl ratio can easily be calculated for a nonuniform light field using
Eqs. (23)-(25). As an example, consider the surface-emitting laser shown
in Fig. 7 consisting of a two-dimensional array of mutually coherent apertures on a square grid. The size of each aperture is c x c, and the spacing
between apertures is b in each dimension. The complex amplitude is
assumed to have a constant magnitude A and uniform phase across each
AMPLITUDE

UNDER FILLED
ARRAY
b

Fig. 7.

An underfilled array with a two-dimensional fill factor of c 2 / b 2 •
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aperture. The magnitude between apertures is zero. The mean value of the
magnitude is a(x, y) =A( c 2 I b 2 ), and the mean square is ja(x, y W=
A 2 ( c 2I b 2 ). The Strehl ratio is given as the square of the mean divided by
the mean square
2

s = I ii(r, e) 1 liii(r, ew =

2

;2"

(26)

The ratio of the emitting aperture area to the device area c 2 I b 2 is referred
to as the fill factor of the array; the Strehl ratio in this case is simply equal
to the array fill factor. Many array geometries have inherently low fill factors
that reduce the Strehl ratio significantly. External optics are required to
increase the fill factor and thus the Strehl ratio.
As a second example of the effect of magnitude nonuniformity, consider
a one-dimensional array with a magnitude profile of a half sine wave. This
approximates the distribution of the fundamental array mode from an
evanescently coupled array. The squared mean of this distribution is 41 1r 2 ,
and the mean square is 112, resulting in a Strehl ratio S = 0.81.
We now restrict the analysis to a periodic array of apertures most commonly found in surface-emitting laser arrays, and calculate the entire farfield diffraction pattern. Assume a two-dimensional laser array distribution
where the lasing apertures are spaced by b in each direction. Each lasing
aperture is described by the complex amplitude distribution h(x, y ). Variations in magnitude and phase from aperture to aperture are expressed by
g(x, y ). The near field is given by
ii(x, y) =

[m~oo n~oo o(x- mb, y- nb) . g(x, y) J* h(x, y ),

(27)

where o(x, y) is a two-dimensional Dirac delta function and * indicates a
two-dimensional convolution. The function g(x, y) is chosen to be zero
outside the array, and therefore limits the number of lasing apertures.
From Eq. (12), the far-field intensity is given by the squared magnitude
of the Fourier transform of ii(x, y)

y')

xH
( x' - -

Az'Az

1

2

'

(28)

where G(x', y') and H(x', y') are the Fourier transforms of g(x, y) and
h(x, y) respectively. If there are many lasing apertures in the array, the
extent of g(x, y) is much larger than the aperture spacing b, and the
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convolution of G(x'/ .Az, y'/ .Az) with the array of shifted delta functions
leads to discrete copies of G(x'/ .Az, y'/ .Az) with very little overlap. In this
case, an approximate expression for the intensity results:
I(x', y', z)

As an example, consider an N x N square array of Gaussian laser beams
with beam waists w 0 / v:Ti. The amplitude of each laser can be written as

(30)
We assume for simplicity that there is no variation in magnitude or phase
from laser to laser. Hence,
g(x, y) = rect

(~b) rect (~b)'

where rect (x) = { 1'
0,

(31)

lxl~!
otherwise.

Using the Fourier transform relationships
[1ft { rect

sin ( 7TNbu)
x )} 8
( Nb
"'Nb sine (Nbu)
1rNbu
= Nb

(32)

and

(33)
Eq. (29) becomes

L L

oo
oo
04 {
sinc 2
I(x', y', z) = A 2 N4
2 2w
m~-oo n~-oo
A Z

[

Nb (

,
m)
~-

Az

J

b

Equation (34) is plotted in Fig. 8. The light distribution consists of a
two-dimensional array of sine functions called grating lobes located at
x'/ .Az = m/ bandy'/ .Az = n/ b, m, n =integers. The off-axis lobes reduce the
power of the main lobe and contribute to a smaller Strehl ratio.
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~~MAIN LOBE

r - - - - , - - - - GRATING

LOBES

2/b

Fig. 8. Far-field intensity pattern from an 8 x 8 coherent array of Gaussian apertures. The equivalent fill factor w~/ b 2 is 8%.

Each sine function (corresponding to a specific grating lobe) contains a
central peak and several sidelobes. The width of this central peak x:Victth is
determined solely by the width of the array:
x:Victth

Az

=

_2_ =
Nb

2

width of array·

(35)

A similar situation exists when the magnitude varies from laser to laser.
g(x, y) is no longer a simple rect function and the functional form of
G(x', y') changes. As a consequence, the central peak width of each grating
lobe increases or decreases somewhat.
The intensity of each grating lobe falls off according to the Gaussian
function in Eq. (34) and is down to 1/ e 2 when J x' 2 + y' 2 / Az = 1/ (.f7iw0 ).
The total number of major grating lobes L contained in this central part of
the Gaussian is given by
(36)
By defining an equivalent fill factor for Gaussian beams as w6/ b 2 , we have
the simple result that L is equal to the reciprocal of the fill factor.
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C.

Effects of Nonuniform Phase

We now consider a laser array with a uniform magnitude distribution but
a phase that varies from laser aperture to laser aperture. Perfect spatial
coherence is still assumed. The near-field complex amplitude distribution
of an M x N periodic array of laser apertures can be expressed by a
modification of Eq. (27):
a(x, y) =

[f. ~~
1

J

5(x- mb, y- nb) exp (jc/Jmn) *A rect

(~) rect (i),

(37)

where cPmn is the phase associated with the ( m, n )th laser aperture, and A
is the constant magnitude. The far-field intensity becomes
(mbx' + nby')]
[
A 2 b4 1 M N
exp(jcfJmn)
L,exp -j27T'
I(x',y',z)=----z-z
Az
A Z m=l n=l

L

x sine

bx') sine (by')
(Az
Az

2

1.

(38)

Evaluating Eq. (38) at the origin (x' = 0, y' = 0) and expanding the square
of the sum gives
A2b4

N

N

M

M

L L LL

exp (jc/Jmn) exp ( -jc/Jm•n•),
I(O, 0, z) = ----z--2
A z m=l m'=l n=l n'=l

(39)

where we recall sine (x' = 0) = 1. The Strehl ratio compares the intensity in
Eq. (39) to the intensity of an aperture with no phase errors
A2b4

Jd1

M 2 N 2,
= ----z--2
A z

(40)

resulting in

When the phase distribution of an array is known explicitly, Eq. ( 41) can
be used to calculate the Strehl ratio. Often, however, the exact phase
relationships are unknown, and a statistical analysis must be employed. If
the phase cPmn can be expressed as a random variable with a known
distribution function, we can calculate the expected value of the Strehl ratio
~{S}:

l

~{S} = 2 -

M

2

M

N

N

L L LL

M N m=l m'=l n=l n'=l

~{exp (jc/Jmn) exp ( -jc/Jm•n•)},

(42)
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where ~{ ...} indicates the expected value. If in addition, we assume the
phases f/Jmn and f/Jm'n' are uncorrelated, the expected value of the Strehl
ratio becomes
M

1
~{S} = M2 N2

M

N

N

L L L L

~{exp (jf/Jmn)}~{exp ( -Nm•n•)}. {43)

m=l m'=l n=l n'=l

We will calculate ~{S} for two different distribution functions. The first
assumes that f/Jmn is distributed as a Gaussian random variable with a mean
value of zero and a variance of u~. We then have
~{exp

1
..f27i

(jf/Jmn)}=

u<t> 27T

Joo exp [-u2-2 ]
2u
-oo

exp (ju) du

</>

[

(u- ju~?] exp -u~]
- du
2
2u~

{44)
Since we also have

~{exp ( -jf/Jmn)} = exp [- ~~].

{45)

the expected value of the Strehl ratio becomes
1

M

~ {S} = M2 N2

N

N

M

L L L L

exp ( -u~) = exp ( -u~).

(46)

m=l m'=l n=l n'=l

Equation (46) gives the general result for a Gaussian-distributed random
phase with variance u~. For small u~, the exponential can be expanded
in a power series and approximated by the first two terms:
{47)

For this case, we have the simple result that the Strehl ratio is decreased
from unity by an amount equal to the variance of the phase.
We also calculate ~{S} for phases that are uncorrelated and uniformly
distributed between -a and a. The distribution function is given by
p(f/J) = {1/{2a),

0,

(48)

otherwise.

We then have
~ {exp

-a< f/J <a

1
.
(Jf/Jmn)} = -2

a

f" .

sin (a)
exp (JU) du = - -

-a

a

{49)
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We note that ~{exp ( -jcf>mn)} = ~{exp (jcf>mn)}. Hence, for a uniform uncorrelated distribution, Eq. (43) reduces to
~{S} = ~{exp

=

(jcf>mn)} ·

~{exp

('-jcf>mn)}

[sin~a)r £sinc2 (;).

(50)

As an example, the Rayleigh limit for good beam quality requires the phase
variations to stay within ± 7T /4 of the mean. If the phase errors are uniformly
distributed over this interval, the expected value of the Strehl ratio is

~{S}= lsin;;:4)12 =0.81.

(51)

A small phase expansion of Eq. (50) results in an expression similar to
Eq. (47)
(52)
Section III describes several external cavity techniques for correcting and
controlling the phase of a diode laser array.
D.

Effects of Partial Coherence

The coherence of a wavefront can be categorized into two types. The first
type, temporal coherence, is a measure of wavefront correlation at two
different times. A perfectly monochromatic source is completely temporally
coherent, whereas a source with finite spectral bandwidth is temporally
coherent only over a finite length of time (given by the reciprocal of the
bandwidth). The second type, spatial coherence, measures the correlation
between any two spatially separated points in the wave field at the same
instant of time.
Returning to the simple beam splitter for combining two lasers, we imagine
two lasers with total spatial coherence but only partial temporal coherence.
The two lasers must produce identical (but nonmonochromatic) wavefronts.
If the wavefronts incident on the beam splitter are displaced in time by less
than the coherence time, they will add coherently. Since the propagation
delays of the different lasers can in general be adjusted to be quite small,
this implies that broad-band multilongitudinal mode lasers can be used as
readily as single-mode lasers. The spatial coherence must be high, however,
for effective beam addition. We examine the effect of partial spatial coherence on the Strehl ratio in this section.
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As in the previous section, we start with an M x N array of laser apertures
with uniform intensity across each aperture. However, we must now indicate
the temporal behavior of each source. The complex time-varying amplitude
of the (m, n)th source is given by Em,n(t), and Eq. (37) becomes

a(x, y, t)

= [

f. f.

m~ln~l

o(x- mb, y- nb )Em,n(t)]

* rect (~) rect
b

(z).
b

(53)

We will assume in this analysis that the time-average intensities of all the
apertures are equal:
(54)
where the angular brackets denote the time average

1

(···)~limT~oo

T

fT (· · ·) dt.

(55)

0

Following the steps of the previous section, we evaluate the squared magnitude of the Fourier transform of Eq. (53) at the origin. A time average of
this expression results in an expression similar to Eq. (39)
-~

M

M

N

N

A

A*

(I(O,O,z))- 22L L L L(Em,n(t)Em',n'(t)).
A z m~l m'~l n~l n'~!

(56)

For an array with perfect spatial coherence and uniform phase, Eq. (56)
becomes
(57)
The Strehl ratio is given as the ratio between Eqs. (56) and (57):

=

M
1
M2N2 L

M

N

N

L

L

L

Ym,n,m',n',

(58)

m=l 1n'=I n=l 11'=l

where the normalized complex spatial coherence function Ym,n,m',n' is defined
as
(59)
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and the normalization ensures that lfm,n,m',n'l :51. For perfect spatial coherence and uniform phase across all the apertures, Ym,n,m',n' = 1 for all ( m, n)
and (m', n'), and the Strehl ratio of Eq. (58) is unity.
Equation (58) expresses the average Strehl ratio in terms of a general
four-dimensional spatial coherence function. Frequently, however, the
spatial coherence is only a function of the relative distance ( m - m ', n - n ')
between the lasers. In this case, the space-invariant form of the coherence
function Yp,q can be used, where p = m- m' and q = n- n'. Equation (58)
can then be cast into a more revealing form:
1
(S) = M2 N2

]

MM[NN

:E-1 m~1 :;.1 n~1

2 M-1
+M2N2

N-1

p=1

q=1

L L

Ym-m',n-n'

(M-p)(N-q)Re{fp,q+.Yp,-q },

(60)

where Re {fp,q} denotes the real part of the complex spatial coherence
function Yp,q· The first term in Eq. (60) is a result of self-interference from
each of the MN apertures. The second and third terms result from interference between lasers separated in x andy respectively, and the fourth term
results from interference in the two cross-diagonal directions.
For a completely spatially incoherent array, .Yp,q = 0 everywhere except
when p = 0 and q = 0, where .Yo,o = 1. All terms except for the first term are
zero, and the Strehl ratio of an incoherent array is simply equal to 1/ (MN).
This is reasonable, since we know the radiance of an incoherent array can
be no greater than the radiance of the greatest single laser. But a single
laser only occupies 1/(MN) of the array area, and by Eq. (26) must have
a Strehl ratio equal to this fill factor.
An array with perfect coherence in the x direction and no coherence in
the y direction retains the first two terms in Eq. (60). Since Yp,o = 1 for
perfect x coherence, the second summation results in (M -1)/ MN, and
the total Strehl ratio is given by (S) = (1/ N).
In practice, many laser arrays have a spatial coherence that decreases
with increasing separation. As a final example, we analyze a one-dimensional
array of M lasers with an exponentially decreasing real spatial coherence
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function
(61)
Substituting this spatial coherence function into a one-dimensional form
of Eq. (60) yields
(62)
By recognizing the finite summation in Eq. (62) as an arithmetic-geometric
series (Spiegel, 1968), the Strehl ratio can be written as

If M is sufficiently large such that gM « g, Eq. (63) simplifies to
M-2g-Me

(S) =

(64)

Mz(l- g?

A plot of Eq. ( 63) is shown in Fig. 9 as a function of g for M = 20. There
are two important features to be noted. First, the Strehl ratio approaches
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Fig. 10. Radiance from a linear laser array as a function of number of lasers.
Nearest-neighbor coherence is 0.88.

1/ M = 0.05 as the coherence approaches zero. Second, a nearest-neighbor
coherence of g = 0.88 is required for a Strehl ratio of 0.5. This high value
of g is necessary because the coherence was assumed to degrade exponentially with laser separation. With a nearest-neighbor coherence of g = 0.88,
lasers separated by half the array length have a coherence of 0.28, and
lasers on opposite ends of the array have a coherence of only 0.086. The
Strehl ratio can be interpreted as the fraction of the array that is effectively
coherent.
Figure 10 illustrates the radiance from an array with g = 0.88 as a function
of laser number. Note that operating an array with more than 20 lasers does
not significantly increase the array radiance. Section III explores some
external methods of establishing and enhancing spatial coherence in diode
laser arrays.

E.

Effects of Laser Source Distribution

We saw from Eqs. (27)-(34) that a periodic array of apertures gives rise to
a main lobe and several additional off-axis grating lobes. Although periodic
laser arrays are most common, aperiodic and random placement arrays are
important to understand for several reasons. First, a formerly periodic array
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can become aperiodic by random device failure. Second, some periodic
array fabrication techniques can lead to small aperture location errors. We
need to determine the effect of partial device failure and placement error
on the Strehl ratio and the far-field pattern. Finally, we would like to
determine whether any benefits can be derived from designing arrays with
nonperiodic spacing.
It can be seen from Eq. (25) that both the numerator and denominator
of the Strehl ratio are average quantities, where the average extends over
the entire laser array. Hence, the relative locations of the individual lasing
apertures have no effect on the Strehl ratio, and we conclude that random
arrays and periodic arrays of the same overall size have identical on-axis
performance.
Although aperiodic aperture placement does not affect the size of the
main lobe, it can have a dramatic effect on the distribution of power in the
other grating lobes. This can be understood qualitatively by modeling the
laser array as a diffraction grating. A periodic diffraction grating gives rise
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Fig. 11. Effect of laser aperture placement on the far-field pattern. (a) corresponds
to the far-field pattern from a linear array of equally spaced point sources. (b)
corresponds to the far-field pattern from an array with linearly increasing spacing
(Abeles and Deri, 1988).
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to discrete diffraction orders (grating lobes). A simple quasi-nonperiodic
array can be constructed by superimposing several periodic arrays, each
with a different array spacing. Since each subarray contributes diffraction
orders at a different set of angles, the off-axis power is distributed over the
far field. Note, however, that the on-axis order of each subarray is not a
function of the array period, and consequently the on-axis power from the
superposition is identical to the on-axis power from a periodic array.
The actual structure of the off-axis far field depends greatly on the
locations of specific apertures. In radar and radio telescope arrays, the
presence of large grating lobes is often detrimental, and it is advantageous
to spread the off-axis power out as uniformly as possible. Special aperiodic
and random array designs have been studied to optimize the off-axis
behavior (Lo, 1963, 1968). Diode laser arrays with spacing based on a
geometric series (Suhre, 1986) and a linearly increasing spacing (Abeles
and Deri, 1988) have also been suggested. The results of a computer model
are shown in Fig. 11 for a one-dimensional array with linearly increasing
spacing. Point sources are used in the model, giving rise to equal intensity
grating lobes for the periodic case. In contrast, the array with linearly
increasing spacing spreads the power of the off-axis grating lobes over
virtually the entire far field. The amount of power in the main lobe and
hence the Strehl ratio are unchanged, however.

III.

COHERENCE, LATERAL MODE CONTROL, AND
BEAM COMBINING

We showed in Section I that mutual coherence is required to sum the
radiances of individual lasers in an array. In addition, the optimum Strehl
ratio is obtained only when the amplitude and phase across the laser array
are uniform. In this section, we explore various external methods of establishing coherence among a two-dimensional array of lasers, controlling the
phase profile of the resulting coherent wavefront, and combining the laser
outputs into a single beam.
We start by analyzing the effect of a spatial filter on an incoherent and
coherent laser array in an external cavity. Spatial filtering systems are then
described that establish mutual coherence across incoherent arrays and
control the lateral modes of partially coherent arrays.
Next, we describe diffractive coupling in an external cavity for establishing
coherence combined with Fresnel-plane spatial filtering for lateral mode
control. This technique leads to simple and compact external optical systems.
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The third part reviews techniques that employ an external master oscillator. Injection-locking by a master oscillator laser is shown to augment the
coherence of a partially coupled array, promote the desired lateral mode,
and narrow the spectrum of the array. The master-oscillator-power-amplifier
configuration is also explored.
Finally, we review a few of the methods available for combining individual
coherent sources into a single quasi-uniform beam with desirable far-field
properties.
A.

Fourier-Plane Spatial Filtering

Experiments coupling semiconductor lasers to external optical cavities were
performed as early as 1964 (Crowe and Craig, 1964a, b; Crowe and Ahearn,
1966, 1968) and later extended by Rutz (Philipp-Rutz and Edmonds, 1969).
Since then, the effects of an external cavity on diode laser spectral characteristics and far-field patterns have been studied by many researchers
(Fleming & Mooradian, 1981; Hardy et al., 1986; Seo et al., 1989). An
external cavity is useful by itself to improve certain diode laser characteristics
such as spectrallinewidth. However, the principal advantage from our point
of view is the ability to insert additional optical elements into the cavity to
promote mutual coherence and improve the Strehl ratio of the resulting
wavefront. We begin this section by analyzing a simple external cavity
Fourier-plane spatial-filtering system.
1.

Spatial Filter Analysis

Figure 12(a) shows a highly simplified diode laser array in an external
cavity (only one dimension is shown for simplicity). We assume that the
front facets of all the diode lasers are perfectly antireflection-coated, and
are enlarged (e.g., by micro lenses) so that their width b is equal to their
separation. The entire laser array consists of anN x N array of these square
apertures. The array is placed in the front focal plane of a lens, with a
spatial filter in the back focal plane. The spatial filter consists of an adjustable
square aperture to block a portion of the light from the lens. A second lens
and output mirror are provided to form a feedback beam. In the absence
of the spatial filter, the two lenses form an afocal imaging system with an
image of the laser array formed at the output mirror (inverted). The returning
light from the mirror is reimaged by the two lenses and inverted again to
make an erect image at the laser array. Thus, light from a single aperture
in Fig. 12(a) is returned only to that aperture, and the array lases as N 2
independent laser cavities.
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Fig. 12. Establishing mutual coherence by spatial filtering. (a) shows a simplified
optical configuration assuming a linear laser array with 100% fill factor. (b) shows
the light magnitude at the spatial filter plane for an incoherent (dashed) and coherent
(solid) laser array. The spatial filter is adjusted to pass the central lobe of the
coherent array.

We now consider the effect of the spatial filter on both a coherent and
incoherent laser array. If the array is mutually coherent and uniform in
magnitude and phase, its complex amplitude distribution g(x, y) can be
expressed as
g ( x, y) = A rect

(~b) rect (;b),

(65)
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where rect (x) = {

1,
0,

lxl :s; ~
otherwise,

and A is the magnitude of the complex amplitude distribution.
The complex amplitude distribution at the spatial filter is given by the
Fourier transform of Eq. (65)
2 2
AN -sinc
b
(Nbx')
G(x',y')=-- - sine (Nb
_Y_') ,
1

A!

jA

A!

(66)

where sine (x) =sin ( 7TX )/ 7TX, f is the focal length of the lens, A is the
wavelength of light, and j =A. The absolute value of this distribution,
plotted as the solid curve in Fig. 12(b) consists of a single main lobe and
several sidelobes.
Consider the effect of a spatial filter (shown in Fig. 12(b)) that only passes
the central lobe of the sine function in Eq. ( 66). Since this lobe contains
82% of the power, the filter allows most of the light to continue to the end
mirror. We assume for simplicity that the second lens and end mirror form
a perfect folded afocal imaging system; the light field directly behind the
spatial filter passes through the second lens, is reflected by the end mirror,
and is reimaged (inverted) by the second lens onto the back side of the
filter. Since we assume perfect imaging, this feedback light passes through
the filter from right to left with no further attenuation. The original sine
function of Eq. (66) has been clipped by the filter, however, and the first
lens can only produce an aberrated image of the N x N apertures at the
laser array. This aberration causes a small amount of the light from a single
aperture to be imaged outside the aperture, resulting in a total round-trip
coherent mode attenuation of approximately 0.75.
We now calculate the loss from the spatial filter when there is no coherence
between apertures. In this case, the light pattern at the filter plane is given
by the superposition of intensities from each laser aperture. A single aperture
has a complex amplitude g( x, y) given by
g(x, y) =A rect

(~) rect (~),

(67)

resulting in a complex amplitude distribution at the filter plane of
2

G(x 1, y 1 ) = -Ab sine ( -bx') sine (by')
.
}A1
Af
Af

(68)

The absolute value of this distribution is shown as a dashed curve in Fig.
12(b). With the spatial filter adjusted as before, all light is blocked outside
the region Ix'l :s; Af/ Nb, Iy'l :s; Af/ Nb. The light amplitude directly behind
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the spatial filter is then given by
Nby')
Nbx')
( bx')
•
Ab 2 smc
, =-f
- .
rect ( - sine (by')
rect ( G1 (x', y)
2Af
Af
2Af
Af
}A
If N » 1, then sine (bx'/ Af) = 1 for
to

lx'l :SA!/ Nb.

Hence, Eq. (69) simplifies

2

G1 (x', y')

(69)

(Nby')
jAf rect (Nbx')
= Ab
2Af rect 2Af .

(70)

Again we assume perfect reimaging by the second lens and the end mirror,
so the return beam has the complex amplitude of Eq. (70) at the spatial
filter plane and is completely passed by the filter on route to the laser array.
The final image of a single laser aperture at the laser array is given by the
Fourier transform of Eq. (70),

A . ( 2x)

. (

2y)

g;(x, y) = (N /2? smc Nb smc Nb .

(71)

We would like to calculate the power contained in the single b x b laser
aperture. Again, if N » 1, sine (2x/ Nb) = 1 for Ixl :S b /2, and the power P
in the laser aperture is given by
(72)

The power in the original aperture is simply given by P0 = A 2 b 2 , resulting
in an attenuation by the spatial filter of
p

1

Po

(N /2) 4 '

-=---:-

N» 1.

(73)

Two things are apparent from this derivation. First, the loss suffered by
a mutually incoherent laser array is much greater than that from a coherent
array even for a small number of lasers. Consequently, the threshold of the
incoherent state will be much greater, and the system will prefer to lase as
a mutually coherent ensemble.
Second, the spatial filter provides coupling between lasers by diffraction.
The round-trip light distribution from a single laser aperture is given by
Eq. (71) regardless of the coherence between this aperture and its neighbors.
This sine function profile has a central lobe of size Nb x Nb covering the
entire laser array. Consequently, feedback light from each aperture is spread
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among all the apertures of the array, thereby establishing the coupling
necessary for coherent operation. Note that mutual coherence across the
array does not alter this coupling, but rather provides the proper interference
at the filter plane to allow the light to pass through the filter.
2.

Applications

Spatial filters of the type described previously have been used by researchers
to establish coherence across broad-area lasers (Philipp-Rutz, 1972), incoherent laser arrays (Philipp-Rutz, 1975), and discrete lasers (Rediker et al.,
1985; Anderson and Rediker, 1987). Many variations on this structure have
also been implemented. The coherence of broad-area lasers has been
enhanced using a retrorefiecting mirror as a spatial filter to feed back a
specific off-axis plane-wave component (Goldberg and Weller, 1989). Singlemode fibers have also been employed as spatial filters (Eisenstein et al.,
1987). Alternatively, nondegenerate external cavities have been designed
that use the aperture of the broad-area laser itself as a spatial filter (Sharfin
et al., 1989).
Complementary filters consisting of blocking wires rather than slits have
been used to establish coherence across a linear array of lasers while
inducing operation in specific lateral modes (Leger, 1989). Figure 13 shows
AR COATING

MOVABLE WIRE
SPATIAL FILTER
7 STRIPE
LASER ARRAY

OUTPUT
MIRROR

MICROLENS
ARRAY

Fig. 13. Spatial filtering experimental set-up. A microlens array increases the
effective fill factor, and a movable wire is used as a complementary spatial filter
(Leger, 1989).
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the elements of the external cavity. The laser array consisted of seven
gain-guided multiple-quantum-well diode lasers on 50 fA-ill centers (Spectra
Diode Labs. custom order). The front facet of the array was given an
antireflection coating, while the back facet was coated for high reflectivity.
An array of anamorphic microlenses expanded and collimated the lasers
(see Section III.D), while an afocal imaging system produced an image of
the microlens array at the flat output mirror. A spatial filter consisting of
a thin wire was placed in the back focal plane of the first lens.
As an initial test, the array was operated with no wire present. The far-field
pattern shown in Fig. 14(a) has a width characteristic of a single emitter,
consistent with incoherent array operation. By placing the wire in the filter
plane slightly to the right or left of the optical center, the laser radiated as
a mutually coherent ensemble corresponding to the fundamental lateral
mode (Fig. 14(b)). Placing the wire in the optical center prohibited this
mode from lasing. Instead, the laser array ran in the highest-order lateral
mode, characterized by a 180° phase shift between adjacent lasing elements
(Fig. 14(c)).
Spatial filtering has also been used to augment the coherence of partially
coherent arrays and control their lateral modes. Gain-guided lasers fabricated on 10 fA-ill centers couple light through evanescent fields to establish
coherence across the array. The array can still lase in a variety of lateral
modes characterized by the phase profile across the array. In many of these
structures, the highest-order lateral mode is preferred, and the array produces a far-field diffraction pattern with two off-axis peaks. At high powers,

(a)

(b)

(c)

Fig. 14. Far-field patterns from spatial filtering in an external cavity. (a) Spatial
filter wire removed. (b) Wire positioned in null of on-axis far-field pattern. (c) Wire
adjusted to block center of on-axis pattern, permitting operation of highest-order
lateral mode (Leger, 1989).
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the coherence degrades and the width of these peaks increases as additional
lateral modes are excited.
In one of the first demonstrations of lateral mode control by spatial
filtering, a ten-stripe multiple-quantum-well laser was given an antireflection
coating and placed in the front focal plane of a lens (Yaeli et al., 1985).
The spatial filtering system of Fig. 12 was simplified by placing the output
mirror directly after the spatial filter and eliminating the second lens. The
feedback light in this system consisted of an inverted image at the array.
Proper placement of the spatial filter preferentially excited the lowest-order
mode and produced a single-lobed, on-axis output beam. A similar spatial
filter was designed to increase the coherence of a Y-junction laser array
(Berger et al., 1988).
A more compact system utilizing a graded-index (GRIN) lens together
with a linear diode array and spatial filter is shown in Fig. 15 (ChangHasnain et al., 1986, 1987, 1989). A high reflectivity mirror is placed at the
end of the 0.25 pitch GRIN lens. The width and location of this mirror is
chosen to reflect only one of the two lobes from the highest-order lateral
mode; the output is taken from the other lobe. This configuration permits
16 ~m or 24 ~m WIDE
Au STRIPE MIRROR

' - - - 95% REFLECTIVITY
MIRROR
10 STRIPE LASER ARRAY

-5% REFLECTIVITY
COATING

COLLIMATED OUTPUT BEAM

Fig. 15. Spatial filtering with a graded index lens. The output mirror is patterned
to reflect only a selected portion of the far-field pattern at the end of the lens
(Chang-Hasnain et al., 1987).
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Fig. 16. Spatial filtering using a fiber in an external ring resonator (Goldberg and
Weller, l987a).

operation in a lateral mode that matches the current/ gain profile of the
original array; the resulting differential efficiency was as high as 70%.
700 mW of pulsed power and 208 m W of cw power were observed in an
essentially diffraction-limited peak.
A 40-stripe evanescently coupled laser array is configured as a ring
resonator in Fig. 16 (Goldberg and Weller, 1987a). As in the previous
example, the array is allowed to operate in a high-order lateral mode to
optimize the array efficiency. In this case, however, the light from one lobe
of the array diffraction pattern is focused into a single-mode polarizationholding fiber. The fiber acts as a spatial filter by rejecting any light outside
of a diffraction-limited spot. The fiber output is then fed back into the array
along the other emission lobe. A Faraday polarization rotator ensures that
this ring cavity oscillates in one direction only, and the output power is
removed through a fiberoptic coupler. With a laser array power of 500 m W,
a single longitudinal-mode power of 90 m W was measured from the output
fiber.
B.

Diffractive Coupling and Fresnel-Plane Spatial Filtering

In the previous section, spatial filtering in the Fourier plane provided
coupling between lasers. In this section, we explore coupling by diffraction
of unguided light. Monolithic diffractively-coupled structures have been
studied by several groups for linear laser arrays (Katz et al., 1983; Chen et
al., 1983; Yang and Jansen, 1986; Wang et al., 1986; Wilcox et al., 1987a, b;
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Mehuys et al., 1988; Mawst et al., 1989). These devices consist of laser
waveguide arrays with a common unguided section. The planar waveguide
in this common region allows light to diffract in one dimension before
reflection by the end mirror. The feedback light from a single aperture is
thus spread over several neighboring lasers in the linear array.
Diffractive coupling can also be applied to an external optical cavity
(Basov et al., 1965a,b ). Since the diffraction is no longer confined to a planar
substrate, mutual coherence can be established across both one- and twodimensional laser arrays. This technique has been applied to C0 2 laser
arrays (Glova et al., 1985; Antyukhov et al., 1986) as well as semiconductor
laser arrays (Darznek et al., 1975; Leger et al., 1988a; Leger and Holz, 1988;
Roychoudhouri et al., 1988; Leger, 1989; D' Amato et al., 1989; Leger and
Griswold, 1990).
1.

Talbot Self-Imaging

The effect of diffractive coupling can be understood easily by the theory of
Talbot self-imaging (Talbot, 1836; Lord Rayleigh, 1881; Winthrop and
Worthington, 1965). The complex amplitude ii(x, y, z = 0) from any periodic
array of mutually coherent apertures can be expressed as a Fourier series

~

A

a(x, y,

Z

~

= 0) = m~OO n~oo bmn exp

[

•

j27r

mxd+ ny] '

(74)

where bmn are the complex weights of the Fourier components, d is the
aperture spacing in both dimensions, and we have assumed the array to be
infinite. The Fresnel transfer function for free-space propagation is given by

where z is the propagation distance, A is the wavelength of light, and m
and n are integers. The field ii(x, y, z) at a distance z from the array is
given by multiplying each Fourier component bmn by the proper phase delay
H(m, n, z). Propagation of a distance z, = 2d 2 / A reduces H(m, n, z) to a
constant phase for all values of m and n. Apart from this constant phase,
the distribution at this so-called Talbot plane is identical to the original
near-field of the laser, and hence corresponds to a self-image. Figure 17(a)
illustrates this effect for a periodic array of objects. Note that this image is
distinctly different from one formed by a lens, since light from a single
object period is diffracted over several periods of the image.
A Talbot cavity optical resonator can be constructed by placing a common
end mirror at integer multiples of half a Talbot distance (see Fig. 17(b )).
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Fig. 17. Talbot self-imaging effect. (a) illustrates the self-image produced in the
first Talbot plane from a coherently illuminated periodic object. Light from a single
object period (white face) is spread among several image periods (white and gray
faces) in the self-image plane. (b) illustrates an external cavity produced by placing
the feedback mirror at one-half of a Talbot distance.

After one cavity round-trip, the feedback light forms a self-image of the
array in the array plane and couples efficiently into the laser waveguides.
Light from a single laser aperture is spread across several neighboring
apertures and provides the required coupling to establish coherence across
the laser array. Note that Talbot self-imaging requires the array to be
coherent. Feedback from an incoherent array will not form a self-image at
the array, and coupling from the external cavity to the optical waveguides
will be inefficient. This increased loss raises the threshold of the incoherent
state and promotes mutually coherent operation. In addition to equally
spaced laser arrays, Talbot cavities can be constructed using hexagonal
arrays and rectangular arrays with specific period ratios.
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2.

Fresnel-Plane Spatial Filtering

Lateral mode control can be accomplished by selectively increasing the loss
of the undesired modes. Fresnel-plane spatial filtering and the proper choice
of cavity length can both be used to select the desired mode. An understanding of these effects can be obtained by calculating the light distribution at
fractional Talbot planes for specific lateral modes (Winthrop and Worthington, 1965; Golubentsev et al., 1987; Leger and Holz, 1988; Roychoudhuri
et al., 1988; Wilcox et al., 1989; Leger, 1989; D'Amato et al., 1989; Leger
and Swanson, 1990). For a round-trip cavity length of one-half a Talbot
distance (z = d 2 /A), the Fresnel transfer function becomes
z1)
H ( m, n, 2

2

= exp [ j27r dA2 ]

exp ( -j7r(m 2 + n 2 )].

(76)

Ignoring the constant phase term again, and recognizing that exp (-j7rm 2 ) =
exp ( -j7rm) for integer m, the amplitude distribution of the fundamental
lateral mode becomes

a( x, y, ~) = m~oo n~oo bmn exp [j27r (mx; ny) Jexp [ -j7r(m + n)]
_ ~

-

L.

~ b
L.

mn

m(x-d/2)+n(y-d/2)]
[·
.
d
exp }271"

(77 )

m=-oo n=-co

This amplitude distribution is identical to the original near-field of Eq. (74)
but shifted by one-half period (d/2) in each direction. Feedback light from
an array lasing in the fundamental lateral mode is imaged exactly in between
the apertures, resulting in high cavity loss.
We now consider the self-imaging properties of the highest-order lateral
mode. This mode is chacterized by a 7r phase reversal at every lasing
aperture. Again, the laser apertures are assumed to be spaced by a distance
d, but the period of the distribution is now 2d and all even harmonics of
the Fourier series are zero. The field at the lasing aperture and the Fresnel
transfer function are given by

~ ~
"
a(x, y, z = 0) = m~oo n~oo
odd

bmn

(mx+ny)J
[.
'
2d
exp ]271"

(78)

odd

and
(79)
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We would like to calculate the field at the half-Talbot plane z = d 2 / A. The
Fresnel transfer function becomes (ignoring the constant phase)
m, n =odd integer.

(80)

Since m and n are odd only, we have m = (2p -1) and n = (2q -1) where
p and q are any integers. The transfer function becomes
2

d )
H ( p, q, z =A = exp

[

•

- pr

(2p -1?+ (2q -1) 2 ]

4

=exp{-j7T[p(p-l)+q(q-1)]}exp [

-j~J.

(81)

But since p and q are integers, either p or (p -1) is even and Eq. (81)
reduces to a constant phase term. For the highest-order mode, we conclude
that registered self-images are produced at all integer multiples of a halfTalbot distance.
In summary, an external cavity with a round-trip cavity length of a Talbot
distance z, supports both the fundamental and highest-order modes.
However, a cavity with a round-trip length of zJ2 preferentially
supports the highest-order mode. These fractional Talbot-plane properties
have been used to design external laser cavities that discriminate between
the fundamental and highest-order lateral modes (Leger and Holz, 1988;
Roychoudhuri et al., 1988; D'Amato et al., 1989; Leger and Griswold, 1990).
3.

Applications

Figure 18 shows an external Talbot cavity designed for a linear array of
seven mutually incoherent diode lasers spaced by d = 50 1-l-m (Leger and
Holz, 1988; Leger and Griswold, 1990). The cavity was fabricated from a
single piece of fused silica, with a thickness t = nd 2 /A = 4.5 mm, where
n = 1.45 is the refractive index of the substrate. An output mirror with 50%
reflectance was deposited on the back side of the substrate. The Talbot
effect produces a self-image of the array in the periodic direction (parallel
to the array). Transverse to the array, the curvature of the substrate (radius
of curvature= 5.0 mm) focuses the light back into the diode laser
waveguides. An array of multilevel diffractive microlenses was etched onto
the flat side of the cavity to collimate the individual diode lasers.
Two methods of lateral mode selection were demonstrated by modifying
the output mirror in different ways. The first method utilizes the imaging
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(a)

(b)

Fig. 18. Talbot cavity made from a cylindrical substrate. (a) shows the microlenses
on the fiat side of the cavity and the patterned mirror on the curved side. (b) is a
photograph of the Talbot cavity (Leger and Griswold, 1990).
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properties of the Talbot cavity at one-half of a Talbot distance (Z,/2). By
placing the output mirror at Z 1/2, the round-trip length corresponds to a
full Talbot distance and both the fundamental and highest-order modes
form properly registered images. At the mirror, however, a correctly registered self-image is produced for the highest-order lateral mode, whereas
the fundamental lateral mode is shifted by one-half period. The output
mirror was patterned to reflect light with a half-period shift corresponding
to the fundamental mode. Light from the highest-order lateral mode suffers
increased loss, since it passes through the removed portions of the mirror,
and the mode is prevented from lasing. Figure 19 shows the far-field pattern
from this cavity. The central peak has a divergence corresponding to 1.19
times the diffraction limit.
The second method of lateral mode selection was demonstrated using an
external cavity with a round-trip cavity length slightly less than a Talbot
distance. This cavity has a lower threshold for the highest-order lateral
mode and results in a double-lobed far-field pattern. A mode correcting
phase plate was fabricated on top of the 50% output mirror to convert this
highest-order mode into the fundamental single-lobed mode. The phase
corrector was fabricated by spinning a half-wave layer of photoresist on
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Fig. 19. Far-field diffraction pattern from Talbot cavity with patterned output
mirror (Leger and Griswold, 1990).
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Fig. 20. Far-field diffraction pattern from Talbot cavity with phase corrector (Leger
and Griswold, 1990).

top of the dielectric mirror, and applying a pattern to shift the phase of
every other aperture. The resulting far-field pattern is shown in Fig. 20. The
central peak was diffraction-limited with a divergence of 2.7 mrad (full
width at half maximum).

C.

External Master Oscillators

In the previous section, coherence and mode control were established by
mutual coupling in an external optical cavity. An external master oscillator
offers an alternative method of phase-locking. Light from a single master
laser couples into a laser array and locks all the array elements to a common
reference. One principal advantage of this method is that a spectrally pure
low-power master oscillator can be used to control many slave lasers,
resulting in high power emission in a narrow spectral band.
This section starts with a basic review of a Fabry-Perot laser influenced
by an externally injected light source. The results of this model are extended
to the locking behavior of diode lasers. Next, we review systems based on
injection-locking; a master laser is used to control the frequency and phase
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of each laser in the array. We end with a description of the master-oscillatorpower-amplifier (MOPA) configuration, where the master laser supplies the
input signal to an array of optical amplifiers.

1.

Fabry-Perot Laser Model

Injection locking is performed by injecting a weak signal (master) into a
more powerful free-running oscillator (slave). Laser injection-locking was
first demonstrated with HeNe lasers (Stover and Steier, 1966) and later with
diode lasers (Kobayashi and Kimura, 1980). Adler has shown that a slave
oscillator can be locked in phase to a master if the natural frequency of
the slave is within a prescribed frequency range of the master (Adler, 1946).
This injection-locking bandwidth can be estimated by considering the
Fabry-Perot laser cavity of Fig. 21. The laser cavity consists of two planeparallel mirrors with intensity reflectance R, separated by a distance I. The
cavity contains a gain medium with a round-trip amplitude gain of g. We
shall calculate the output power of the cavity P0 (v;), which results from
resonant amplification of an injected signal Pi (vi) incident on the left mirror
(assuming 100% mode coupling efficiency).
The standard Fabry-Perot transmittance equation (Yariv, 1976) can be
modified to include the round-trip amplitude gain g (Goldberg, 1990):
(1- R?g
Po( vi)_
Pi(v;)- (1- Rg ?+4Rg sin 2 ( 0 /2)'

(82)

where 0 is the round-trip phase change given by

2nlv)
0=27T ( -c- ,

(83)

n is the gain medium index, and v and c are the light frequency and speed.
We note that at resonance, the round-trip phase change 0 = 27TM, where
M is an integer. This gives rise to the longitudinal modes of the laser at
frequencies v = Mc/2nl. Near resonance, the round-trip phase change can
be expressed as

(84)

~---x

~R

AMPLITUDE GAIN

Fig. 21.

=g

R~

Fabry-Perot laser model.
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where tl.e « 1. Equation (82) reduces to
(85)
For lasing to occur, the round-trip gain must offset the round-trip loss. In
our simple model, this implies RG = 1. Substituting this value into Eq. (85)
results in
P0 (vJ
PJvJ

--=

(1-R?
R(tl.e? ·

(86)

But since e = 47rnlv I c, we have tl.e = 47rnltl.v I c, and
(1-R) 2 c 2
P0 (v;)
--=
PJv;) R(47rnl) 2 (tl.v?·

(87)

We can define injection locking as occurring when the output power P0 ( vJ
at frequency v; due to injection is greater than or equal to the maximum
free-running power P0 (v 0 ) at frequency v 0 • Since P0 (v;) is given by Eq. (87)
we have
(88)
and the locking is maintained when
(89)
Recalling that the cold-cavity Q of a laser resonator is given by
(90)

the injection-locking bandwidth B 1 is given by the total frequency range
allowed by Eq. (89)
(91)
A final useful form of this equation results from expressing the Q in terms
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of the photon cavity lifetime

Tp

=

Q / (27Tv0 ):

1/P:W
B 1 =27TTp

v~·

(92)

Equation (92) has been shown to describe the locking ranges of simple
laser systems. Semiconductor lasers, however, are complicated by the fact
that the index of refraction is not constant, but changes with carrier density
and therefore laser gain. A change in the index of refraction shifts the
spectral output of the laser, thereby changing the shape of the injectionlocking band. This index variation is expressed by the linewidth broadening
factor a, defined as (Osinski and Buus, 1987)
a=_

k dn/dN
2 dg/dN'

(93)

where k is the free-space wave number, n is the refractive index, g is the
gain per unit length, and N is the carrier density. When the gain-dependent
refractive index is incorporated into the injection-locking theory, the
injection-locking performance is changed in several ways. The injectionlocking range is asymmetrically broadened towards the low frequency end
(Lang, 1982). The locking requirement for a diode laser !lvd is given
approximately by
(94)
In addition, the high frequency part of the locking range becomes dynamically unstable, with the stable part of the range decreasing with increasing
a (Lang, 1982; Henry et al., 1985).
Measured values of a range from 2 to 6 for AlGaAs lasers (Osinski and
Buus, 1987), with typical cavity lifetimes on the order of a few picoseconds.
The full injection-locking bandwidth of a 100 mW slave laser array locked
to an injected beam of 0.5 m W incident power has been measured to be
16 GHz (Goldberg et al., 1982). Since the temperature tuning rate of an
AlGaAs laser is on the order of 30 GHz;oc, temperature stability on the
order of 0.1 oc is required for both the master and the slave lasers.

2.

Injection-Locked Systems

Injection-locking can be used to establish coherence between uncoupled
lasers. More frequently, it has been used to augment the coherence of an
evanescently coupled array and control the lateral mode structure (Goldberg
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et al., 1985). The experimental set-up shown in Fig. 16 was used for
injection-locking by replacing the optical fiber at L 4 with a separate masteroscillator laser (Goldberg and Weller, 1987b). As before, the slave laser
array was composed of 40 gain-guided laser stripes spaced by 10 J.Lm. A
Faraday isolator was used to prevent coupling from the slave back into the
master. The injection-locking beam was shaped by lenses L 1 and L 2 to cover
most of the laser array. The optimum injection angle was approximately 4°
from normal incidence in the plane of the laser junction; the injection-locked
array emitted primarily along the -4° direction. This angular separation
between injected light and array light allowed the array output to be picked
off by a mirror and focused into a single-mode fiber by the lens L 3 •
The far-field diffraction pattern of the laser array running at 510 mW is
shown in Fig. 22 before and after injection-locking. Before locking, the
diffraction pattern has a wide double-lobed shape. Injection-locking with
a master oscillator power of 11 m W produces an output that is 1.25 times
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Fig. 22. Far-field patterns from array injection-locking. (a) is the far-field diffraction pattern before injection-locking. (b) is the far-field pattern after injection-locking
with 11 m W of incident power (Goldberg and Weller, 1987).
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the diffraction limit (0.13°). 150 mW of this light was coupled to a singlemode fiber, demonstrating the high Strehl ratio of the output. The spectrum
of the original free-running laser array contained several longitudinal modes,
each with a line width of approximately 40 GHz. The spectrum of the locked
array consisted of a single longitudinal mode with a line width of less than
100 MHz. Similar results have been obtained with broad-area lasers (Abbas
et al., 1988; Goldberg and Chun, 1988).
Injection-locked, gain-guided arrays have also been shown to exhibit
beam-steering. In one setup, a 100 mW 10-stripe laser array was injectionlocked to a tunable dye laser (Hohimer et al., 1985). The light was injected
normal to the array into a single laser facet. By increasing the injectionlocking power to 12 mW, continuous locking was achieved over 60 GHz.
Narrow single-lobed emission was observed to occur along a specific angle
determined by the array drive current and the injection frequency. Beamsteering occurred when either of these two parameters was varied. Figure
23 shows a plot of the beam angle as the injection frequency is varied over
100 GHz. The beam scans over a range of 4.7° to 7.0° with a tuning rate of
0.023°/GHz. Similar results have been obtained using a single frequency
diode laser as a master oscillator (Swanson et al., 1987a). The master
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Fig. 23. Laser beam-steering from an injection-locked array. The beam is scanned
by changing the frequency of the injection signal (Hohimer et al., 1985).
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oscillator frequency was controlled by injection-current modulation, resulting in a slave laser beam that changed in both propagation direction and
frequency. An alternative method modulated the array drive current. In this
configuration, the array frequency was locked to the master oscillator and
did not change with beam angle.
3.

Master-Oscillator-Power-Amplifier (MOPA) Systems

A master-oscillator-pow er-amplifier (MOPA) is similar to an InJectionlocking configuration where the slave laser array has a very low cold-cavity
Q. The Q is reduced by applying an antireflection coating to the laser facets,
effectively converting the lasers into amplifiers. One of the principal advantages of the MOPA technique is seen in Eq. (91). A low Q increases the
locking bandwidth, and greatly relaxes the temperature and current control
requirements. With a perfect AR-coating, the array operates as a travelingwave amplifier; all longitudinal modes disappear, and the master oscillator
wavelength is only required to be sufficiently close to the gain peak of the
array to provide amplification.
The output beam from the MOPA does not steer appreciably with changes
in drive current or injected wavelength. This can be a distinct advantage in
applications such as laser ranging or optical communications, where the
master or slave laser current must be modulated, but beam-steering effects
are undesirable.
A MOPA system has been demonstrated using a 10-stripe, gain-guided
diode laser array with an antireflection-coating applied to both facets
(Andrews, 1986). Master oscillator light was injected into the amplifier to
cover the entire array. By injecting 4 mW of power into the array, a singlelobed far-field pattern was observed at an angle of 2.5° from the array
normal. The angle did not vary appreciably over a master oscillator tuning
range of 0.5 A and an array drive current range of 350 rnA. 100 mW of
coherent power were obtained from an input power of 21 m W. The measured
small signal gain was 18 dB.
When MOPA systems are used in high power applications, phase aberrations can appear across the array due to thermal effects and current-induced
index variations. The resulting output beam has a reduced Strehl ratio,
limiting the useful output power. The double-pass MOPA illustrated in
Fig. 24 compensates for these phase errors with a phase-conjugate mirror
(Stephens et al., 1987). The light from a single longitudinal and spatial
mode master oscillator is spread across the entire front facet of an ARcoated, 10-element amplifier array by a lens system (LS 1 ). The amplified
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Fig. 24. Master-oscillator-power-amplifier with a phase-conjugate mirror (Stephens
et al., 1987).

light containing some unavoidable phase variations is presented to a phaseconjugate mirror consisting of a barium titanate crystal oriented in a selfpumped ring configuration (Cronin-Golomb et al., 1985). The light exiting
the crystal has a phase distribution that is the phase conjugate of the original
beam. This beam retraces the original beam path through the amplifier
where the same phase distortions cancel out the conjugate distortions of
the beam. The double-pass light is thus restored to a flat phase front with
high Strehl ratio. The Faraday rotator, two polarization-selecting prisms
(P1 and P2 ), and the half-wave plate act as a nonreciprocal element that
maintains the polarization for light traveling from the master oscillator to
the amplifier array, but rotates it by 90° upon return. P1 reflects the return
beam with the rotated polarization and provides the output for the device.
Figure 25 compares the far-fields of the phase-conjugate MOPA with a
double-pass MOPA employing an ordinary mirror. Phase errors add with

DOUBLE PASS AMPLIFIER
WITHOUT
PHASE CONJUGATION

~.,...

Fig. 25.

~

WITH
PHASE CONJUGATION

.!\__)L-A

Far-field patterns from phase-conjugate MOPA (Stephens et al., 1987).
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an ordinary mirror, producing a 1.1 °-wide far-field pattern. The Strehl ratio
of this pattern is estimated to be 0.51. The phase-conjugate mirror allows
the phase errors to cancel, resulting in a near-diffraction-limited far-field
pattern (0.58° beam width). The corresponding Strehl ratio has increased
to 0.97. In similar experiments using a four-pass configuration (Stephens
et al., 1989), output powers as high as 100 mW were obtained.
D.

Methods of Beam Combining

The radiance theorem described in Section I.B. suggested a natural way to
categorize beam combining methods. Laser beam superposition is performed
by directing N beams to a common point on a beam-combining element.
The element directs the superimposed beams along a single direction. The
resultant beam has the size and divergence of a single beam, but a near-field
intensity (W/ cm 2 ) N times greater.
Aperture filling is performed by arranging the beams in an array such
that there are no gaps between the individual beams. In this case, the
near-field intensity is the same as a single beam, but the area is N times
greater, and the solid angle divergence is N times less.
These two methods are entirely equivalent from a radiance standpoint.
The light distribution from one can be converted into the other by an
appropriate afocal telescope. However, there are often practical issues that
dictate the use of one over the other. Aperture-filled systems have an
advantage in high-power applications since the intensity does not increase
with larger number of lasers. In addition, the low divergence that results
can sometimes eliminate the need for a beam-expanding telescope. Systems
based on superposition are preferred for retrofitting an existing optical
system with a higher power source, since the beam size and divergence are
identical to the original single laser.
Laser beam superposition has been implemented in a variety of forms.
Specially designed binary diffraction gratings can be used to convert multiple
input beams into a common output beam with efficiencies as high as 87%.
Higher efficiencies are possible with multistep gratings. These gratings have
been used inside external laser cavities to superimpose light from a gainguided laser array (Leger et al., 1986, 1987a). It is also possible to superimpose coherent beams by using volume holograms or photorefractive
crystals (Cronin-Golomb et al., 1986; Christian et al., 1989). Since the
volume grating formed in a photorefractive crystal depends on the incident
light, the photorefractive technique is able to compensate for phase drifts
in the diode laser array.
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Aperture filling techniques often employ arrays of micro lenses to increase
the fill factor and spread the light more evenly over the aperture. These
lenses can be fabricated as refractive or diffractive optical elements. Refractive lenses can be made in photolytic glasses by exposing a patterned
substrate to ultraviolet light (Borrelli and Morse, 1988). Subsequent heating
causes the unexposed glass to be squeezed into sphericallenslets. A second
technique uses selective diffusion into a planar substrate to produce arrays
of planar gradient-index (GRIN) lenses (Oikawa and Iga, 1982; Oikawa et
al., 1990). Lenses can also be made in photoresist by fabricating an array
of cylindrical shapes. Upon heating in an oven, the cylinders are pulled
into a spherical shape by surface tension (Popovic et al., 1988). Since
photoresist has negligible absorption in the infrared, these lenses can be
quite efficient. In addition, the resist technology is common to both the
microlens and laser fabrication, simplifying future integration of the two
structures.
In some cases, it is necessary to make aspheric microlenses. For example,
collimation of high numerical aperture sources requires a lens with a
nonspherical figure to control aberrations. Alternatively, the astigmatism
inherent in some semiconductor lasers can be corrected by an anamorphic
optical system. It is possible to make nonspherical microlenses both as
refractive and diffractive elements. Refractive microlenses have been fabricated in InP and GaP by mass transport (Liau et al., 1988, 1989). An
approximation to an aspheric surface is etched into the substrate. The
transport process uses surface diffusion to smooth local roughness while
preserving the overall desired surface figure.
Diffractive microlenses have been fabricated in a large variety of materials.
Efficiency can be enhanced by continuous blazing of the surface-relief
structures (Fujita et al., 1982; Tanigami et al., 1989) or by a step-wise
approximation to the continuous blaze (d'Auria et al., 1972; Koronkevich
et al., 1984). By choosing the surface profile correctly, virtually any arbitrary
phase distribution can be obtained. Diffractive lens arrays have been used
inside external cavity laser arrays to increase the array fill factor (Leger et
al., 1988b ). Figure 26 shows an array of anamorphic diffractive micro lenses
designed to collimate a diode laser array inside a Talbot cavity. A four-level
phase profile was etched into a fused silica substrate. The spacing between
the lenses is 50 fLm. The focal lengths of the lens ( 69 ILm in the transverse
direction and 100 ILm in the lateral direction) were chosen to correct the
astigmatism of the gain-guided laser array.
Finally, there are alternative methods of aperture filling that do not use
microlenses. One such method employs a Zernike phase-contrast optical
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Fig. 26. SEM photograph of a four-level anamorphic diffractive lens. The lens is
designed to remove the astigmatism from a gain-guided laser. The four different
etch levels can be seen (Leger et al., 1988).

system to convert nonuniformities in amplitude into nonuniformities in
phase (Swanson et a/., 1987b ). The phase variations are subsequently
removed by a phase-correcting plate. This method has been used to eliminate
the sidelobes of a Y-guide laser, resulting in a significantly improved Strehl
ratio (Leger et al., 1987b).

IV.

CONCLUSIONS

This chapter has introduced some of the fundamental concepts of coherent
beam addition. We showed in the first section that the radiance of a laser
array is equal to the sum of the radiance from each element only if three
requirements are satisfied: ( 1) mutual coherence must be established across
the entire array, (2) the phases of the individual emitters must be controlled
to produce an on-axis beam, and (3) the beams must be combined to produce
an approximately uniform intensity profile. The consequences of failing to
meet any one of these requirements was then described in terms of the
Strehl ratio of the resultant beam.
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The main part of the chapter described external techniques for establishing
these requirements. Spatial filtering, diffractive coupling, and injectionlocking were shown to establish coherence and maintain the proper phase
relationships among the lasers. Beam superposition and aperture filling
methods were introduced for combining individual laser beams into a single
quasi-uniform beam. Although many of the methods described here have
only been demonstrated in one dimension, all are extendable to twodimensional surface-emitting arrays. As two-dimensional surface-emitting
lasers become larger and more powerful in future years, it is likely that
these external methods of phase-locking and coherent beam addition will
become essential for generating efficient, high-radiance light sources.
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Chapter 9
COHERENCE AND ITS EFFECT ON
LASER ARRAYS
M. Lurie
David Sarnoff }?.esearch Center, Princeton, New Jersey

I.

A.

INTRODUCTION TO COHERENCE

Discussion

The term coherent is often applied very casually to lasers, to distinguish
them from more ordinary lamps which are called incoherent. But coherence
is a specific, precisely defined property of radiation. Quantitative details
about coherence are important for determining the performance of lasers
and particularly arrays of lasers. In this chapter, we will define coherence,
discuss its significance in lasers and laser arrays, and describe techniques
for its measurement.
In this introduction we present a general discussion of coherence before
defining it in detail later on. We apologize for the lack of rigor that creates,
but it is in the interest of setting the stage for what follows.
Ideal lasers and incandescent lamps are examples of the limiting cases
of complete coherence and complete incoherence. However, to completely
understand the performance of more general devices, we must deal with
the general case of partial coherence. We will show that coherence among
the elements of an array of emitters has a strong influence on the peak
intensity in the far field and on the distribution of power among the lobes.
SURFACE EMITIING
SEMICONDUCTOR
LASERS AND ARRAYS
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High coherence, as well as uniform phase, is required to achieve a single
large far-field lobe containing most of the array power. In fact, achieving
high peak intensity in the far field is a major incentive for producing coherent
sources. Axial intensity is sometimes specified as the Strehl ratio, the ratio
of the actual peak intensity to that which would be produced by an ideal
source of the same geometry, so the Strehl ratio is also strongly dependent
on coherence. Surprisingly, coherence has only a weak effect on the width
of the lobes. Even with coherence reduced to a low value, far-field lobes
remain narrow, but are substantially reduced in intensity. It may be even
more surprising that for arrays with large numbers of elements, very little
coherence is needed to produce deep nulls in the far field, forming far-field
patterns having high contrast, but again low intensity. We conclude from
this that although coherence is necessary to produce high peak intensity,
simple observation of the shape of the far field, without absolute intensity
values, tells us very little about the degree of coherence of a source.
After we discuss partial coherence we will consider other beam properties
such as phase aberrations that also degrade array performance and produce
effects on far-field patterns that appear similar to reduced coherence, but
are fundamentally different.
Importance of Coherence

B.

A very simple list of the desirable properties of lasers would begin with:
1.
2.
3.
4.

Narrow beam divergence
Narrow spectrallinewidth
Power
Efficiency

These can be produced without coherence. Coherence is important because
coherence is required to produce all of them at the same time.
Narrow beam divergence and narrow spectrallinewidth, in fact coherence,
can be produced without lasers, both in theory and in practice. In 1934 and
1938, van Cittert and Zernicke published calculations showing how an
incoherent source subtending a small enough angle at an object illuminates
that object with spatially coherent light (van Cittert, 1934; Zernicke, 1938).
The most universal example is starlight, which is spatially coherent over
many meters when it reaches Earth, even though the star is an incoherent
emitter. 1 Coherent light can be produced at normal laboratory distances
1 The coherence of starlight has been used to measure stellar diameters. See Michelson
A. A. and Pease F. G. (1921). Starlight is also an example of spatially coherent but temporally
incoherent light, since it has a very broad spectrum.
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with a small source like a pinhole of several microns diameter illuminated
with incoherent light (Lurie, 1966). The light reaching a screen several
centimeters from the pinhole will have high spatial coherence. If the light
is passed through a sufficiently narrow bandpass filter it will also have
temporal coherence. Then the illumination at the screen will be coherent.
It could be collimated to produce a beam with narrow divergence and small
spectrallinewidth. However, the pinhole and the filter each transmit a very
small fraction of the light. To efficiently produce a coherent beam, the source
itself must be coherent.

C.

Definition of Coherence

We will now treat coherence quantitatively. 2 Consider the electromagnetic
field at point PI and time t. We use only a scalar electromagnetic theory
here and use the complex scalar V(PI, t) to represent the amplitude and
phase of the field. The term mutual coherence, r d T ), is defined as the time
average correlation between the electromagnetic field at that point and time,
and the field at some other point and time V(P2 , t+T). That is
(1)

where the angle brackets denote the time average.
The more common quantity, intensity II at PI, is just the time average
of the amplitude squared, so
II= (V(PI' t)V*(PI' t)).

(2)

We see that mutual coherence is a generalization of intensity. If the two
points and the two times are the same in the mutual coherence function,
then PI= Pz' and T = 0, so r 11 (O) =II. In general, r d T) depends on the
choice of points and times and on the time-dependent behavior of the
radiation.
It is convenient to normalize r to get
fn(T)

_ f12(T)
.JIIIz.

'Yl2(T)= .Jfu(O)fzz{O)-

(3)

y 12 ( T) is called the complex degree of coherence. The magnitude I'Yd T)l
is called simply the coherence, the subject of this chapter. When IYd T)l = 1
we say that the radiation is coherent; when I'Yd T)l = 0, we say it is incoherent; in between we say it is partially coherent.
2

For more details of the theory used here, see Born and Wolf (1964).
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It is sometimes convenient to consider the spatial and temporal dependence separately, although that is an approximation. Spatial coherence is
the time average correlation between fields at separate points in space, but
measured at the same time, that is the correlation between V(P1 , t) and
V(P2 , t). Similarly, temporal coherence is the time average correlation
between fields measured at the same point but at different times, V(P1 , t)
and V(P~> t+T). Clearly, temporal coherence is closely related to spectral
width, but spatial coherence is not. Using the definitions above,. spatial
coherence is jy 12 (0)j and temporal coherence is jy11 ( T)j.
The time over which the averages are taken affects the result. In a
measurement, the time is the duration of the measurement itself. Until recent
years that duration was always understood to be a very large number of
cycles of optical radiation. Today that is not necessarily so. In the domain
of measurements using only a few cycles of radiation, coherence is not a
useful concept any more than monochromaticity. In this discussion, we will
assume that measurements occupy enough time for the quantities frequency,
phase and time average to be meaningful. On the other hand, even in this
classical regime, one can imagine situations in which the coherence would
be different if the measurement took 1 s or 1 fLS to complete.

D.

Coherent and Incoherent Light, the Limiting Cases

The limiting cases are the easiest to illustrate. A simple example of completely coherent radiation is a plane monochromatic wave. By definition,
both amplitude and phase (and, therefore, frequency) are constant for all
time. The field at one point and time, V(P1 , t), is completely correlated
with that at any other pont and time, V(P2 , t+T). Then
fu(T)=(V(P~> t)V*(P2 , t+T))

= jV(P1 , t)jjV*(P2 , t+T)j(argV(P~> t)argV*(P2 , t+T))
=vT 11 (0)f 22 (0) · const phase term,

(4)

since the amplitudes are independent of time. Then,
fu( 'T)
yu( T) = v'fu(O)f 22 (0) = 1 · const phase term

(5)

and
(6)
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Even if the wavefront had a highly irregular shape, as might be produced
by a high-order spatial mode of a laser or by a perfect beam passing through
stationary ground glass, it would still be coherent. It might not be a useful
wave because it would diverge, have low Strehl ratio and be difficult to
focus to a small spot, but it would still yield lrti 7)1 = 1 and be coherent.
That is because the phase variations across the wavefront would not vary
with time, so the correlations over time would be high. In theory at least,
the phase variations for this coherent radiation could be cancelled with a
suitable correction plate to restore the quality of the beam.
At the other extreme, consider a wave in which the phase varies randomly
with time and position across the wavefront. Then V(P1 , t 1 ) and V(P2 , t2 )
are uncorrelated and it is clear that
fn( 7) = (V(Pi> 7)V*(P2, t+ 7)) = 0

(7)

for any choice of P 1 , P2 and 7, making y 12 ( 7) = 0. The radiation is incoherent.
Black body radiation fits that description.
As an example of spatial (only) coherence, consider an emitter producing
a wave that is plane, but having a frequency that varies randomly with time.
Each propagating wavefront has uniform phase, but there is no correlation
of phase among the wavefronts emitted at different times. The fields V(P1 , t)
and V(P2 , t), measured at different positions along a single wavefront, but
which were emitted by the source at the same time, are correlated. (This
implies that the points P1 and P2 are equidistant from the source). Then
yn(O) = 1 and this radiation is spatially coherent. The fields emitted at
different times-which are the fields that would be measured at unequal
distances from the source-are uncorrelated whether or not they are
measured at the same point. Then y 11 ( 7) = 0 for 7 ¥- 0 and the radiation is
temporally incoherent.
It is more difficult to imagine an emitter having only temporal coherence.
Consider an emitter producing a phase that varies across the wavefront,
but a frequency that is nearly constant. That is possible if the phase variation
is slow compared to the frequency of the radiation, implying that .1A « A.
Radiation of that form is called quasimonochromatic. A simple example is
monochromatic radiation that has passed through moving ground glass.
Then the fields at two different times, but measured at the same position,
V(P1 , t) and V(P1 , t + 7), are correlated and 'Yu ( 7) = 1. (There is a limitation
on 7, called the coherence time, inversely related to the rate of the phase
variations. See the section below on linewidth.) However, if the radiation
is measured at different positions, yn(O) = 0 because of the phase variations.
Therefore the radiation is spatially incoherent but temporally coherent.
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E.

Interference Between Two Partially Coherent Point Sources

To illustrate a calculation with partially coherent light, consider the simple
interference between two partially coherent point sources in Fig. 1.
Using Eqs. (2) and (3) we can show that the intensity in the interference
pattern formed by the two points sl and s2 can be written as

where r = (s 2 - s 1 )/ c is the difference in the times that the interfering radiation left the sources, / 1 and / 2 are the intensities of the sources S 1 and S2
by themselves, and k = 27T /A. This is true in general, but we will now assume
that the radiation is quasimonochromatic, meaning that the linewidth llA «
A. Then a: 12 ( r), which is the phase of yn( r) and is also the phase difference
between the radiation from S 1 and S 2 , varies slowly with r = (s 2 - s 1 ) / c,
compared to the variation of k(s 2- s 1 ). Therefore, we let a:n( T) = a: 12 • The
effect of k(s 2 - sJ is to produce a set of cosinusoidal fringes with varying
s 2 - s 1 , while the effect of a: 12 is to shift the entire fringe pattern.
If y 12 ( r) = 1, then Eq. (8) becomes the elementary expression for the
interference between two points radiating with phase difference a: 12 ,
(9)

which shows the well-known cosinusoidal variation as the path difference
changes.
If yn( r) = 0, then instead of Eq. (9) we get
(10)

the obvious result of simply summing the individual intensities in the
incoherent case.
The result in Eq. (8) can be used to measure the coherence between two
small sources by measuring the maxima and minima of the fringes in their

Plane of interference
pattern, I

81

Fig. 1.

o---- -----s1

Interference between two partially coherent point sources.
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interference pattern. This forms the basis of a technique for measuring
coherence, described in detail in Section IV.

II.

THE FAR FIELD OF A 1-D ARRAY OF EMITTERS
HAVING ARBITRARY COHERENCE PLUS
PHASE AND INTENSITY VARIATIONS

We will now generalize the preceding calculation to include a source with
any number of emitters, each having finite extent. The assumptions are:
1.
2.
3.
4.

Any number of emitters, each with finite size, each coherent by itself.
Any degree of coherence 'Ymn between emitter pairs.
Arbitrary intensities across the array, but constant across each emitter.
Arbitrary phases across the array, but either constant (piston phase)
or linear phase (beam tilt) across each emitter.

We consider only the one-dimensional case. We characterize the array
coherence in terms of the coherence 'Ymn between emitters m and n. We
further assume that the intensity of each emitter is constant across that
emitter although the intensity can vary from one emitter to the next. The
latter restriction is not a severe one because the far field is not highly
sensitive to intensity variations. We limit the phase across each emitter to
be either constant, producing what are called piston phase variations among
emitters, or varying linearly with position, producing variations in beam
pointing angles for each emitter. Of course statistical phase fluctuations are
permitted or else the radiation would necessarily be coherent. Finally, we
again assume the radiation is quasi-monochromati c.
The result of this calculation allows us to predict the far-field patterns
of many actual laser arrays (Carlson et al., 1987). Some of the restrictions
can be removed easily, requiring only more computation.

A.

Calculation of the Far Field

Consider the linear array of emitters described in the introduction to this
section, having length a and center to center distance b, so the near field
is as shown in Fig. 2. Our assumption of quasi-monochromat ic radiation
means that effects of spectral linewidth are negligible. That is true in the
far field of nearly all diode laser arrays, even for lasers with Iinewidths of
a few Angstroms, as shown in Section D on linewidth.
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c:

Amplitude
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X

Fig. 2. A linear array of N emitters. Amplitudes and phases can vary among
emitters, but amplitude is constant within each emitter and phase is either constant
or linear with distance within each emitter. The coherence between element pairs
is Ymn·

The amplitude of the diffraction pattern of the nth emitter alone, at
distance rn from the source, can be written as
(11)

In is the intensity of the nth emitter. Fn(fJ- Pn, rn) contains the diffraction
pattern shape as a function of(}, the 11 rn amplitude dependence and various
constants. It is centered at angle Pn due to the phase tilt of the nth source.
Un contains the time dependence and the constant (piston) phase 4>n of
the radiation at the source.
For uniform emitters, Fn in the far field is given by Fn ( (}- Pn, rn) =
K sine [a sin ( (} - Pn) I A]. The quantity 1I rn is absorbed into K because rn
is approximately constant in the far field for all (} of interest. By superposition, the total far-field amplitude due to the N emitters is
(12)
The far-field intensity of the partially coherent array, Ipcoh( e), is

Ipcoh( (}) = (V( e)V*( (}))
=

\~] Un)

112

Fn((}- Pn, rn) un(

t-~, 4>n)

Xfl Um) 112 F~,((}-pm,rm)U'!,(t-r;,c/>m)).

(13)
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This reduces to
N

Jpcoh( e)=

L
n=l

N

F~In + 2

N

L L

(InJm) 112 FnFm'Ymn

n=l rn=n+1

(14)
Equation (14) gives Jpcoh(O), the intensity distribution in the far field of a
partially coherent array of N emitters. The coherence between emitter pairs
is 'Ymll" Each emitter is itself coherent, has uniform intensity In, piston phase
4>n and beam tilt angle Pn with respect to {) = 0, the normal to the array.
Ymn is the degree of coherence between emitters m and n. F, =
K sine (a sin ( {)- p,) I A) is the shape of the far field of the nth emitter.
Note that the first sum term in (14) is just the far field of an incoherent
array of N emitters. If 'Ymn = 0 for all m, n, the second term drops out.
Equation (14) can be used to calculate many properties of a variety of
emitter arrays having any degree of coherence.
B.

Far Field of a Typical Partially Coherent Array

We now use (14) to calculate several far field properties of arrays as a
function of coherence. We use as an example an array consisting of 11
emitters, each with uniform intensity and phase, 300 J.Lm long, with 150 J.Lm
spaces, for a total length of 4800 J.Lm. Those are typical values for the grating
surface emitting laser arrays discussed in other chapters. We also assume
that the array is operating in the in-phase mode producing a single major
lobe on the axis. The near field is shown in Fig. 3. Other modes can be
treated just as easily. For example the anti-phase mode that produces two
symmetric major lobes requires only letting f/> 1 = 0, f/> 2 = 7T, etc. in Eq. (14).

c

c

Amplitude

Ia

Ib
Phase

I

--------------------------------X

Fig. 3. Near field of a typical linear grating surface emitting laser array. N = 11,
a = 300 11-m, b = 450 11-m, and A = 0.84 11-m. This near field shows uniform intensity
and no phase or tilt variations.
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Fig. 4. Far field patterns of the array in Fig. 3 for various degrees of coherence
between emitters. (a) First three lobes for incoherence, 50% coherence, and 100%
coherence. (b) Detail of the central lobe showing that its general shape is established
for low values of coherence. (c) Initial development of the narrow central lobe as
coherence increases from 0 to 10%.
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Figure 4 shows far fields of the array indicated in Fig. 3 for several degrees
of coherence, calculated using Eq. (14). Note that the dimensions appear
in (14) only in the function F" and as a scaling factor in the argument of
the cosine, so the results are more general than this specific example.
In this calculation, coherence between all pairs of emitters was assumed
to be the same, although (14) is more general. That is, 50% coherence means
that y 1_ 2 = y 1_3 = · • ·='YI-N = y 2 _3 = · · · = 0.5. The trends are the same if the
coherence falls off for larger separations between emitters, i.e., if y 1_ 4 <
y 1_ 3 < y 1_ 2 , as one might expect in a coupled array.
A surprising result of this calculation is that the general shape and
half-width of the central lobe are largely independent of coherence. At 10%
coherence, the lobe is only a small spike poking up above the incoherent
background, but has approximately its ideal width.
That is shown more clearly in the next example. Equation (14) was applied
to a similar array with 21 elements. The variation of the central lobe with
coherence is shown in Fig. 5. The peak intensity varies linearly with coherence but the full width at half maximum (FWHM) of the lobe changes only
slightly. The width to the first minima is independent of coherence.

~

·u;
c

Q)

c

1.0

Fig. 5. The far field of an array showing the variation of the central lobe with
coherence. The array consists of 21 emitters, each 300 fLm long on 600 fLm centers.
A = 1.0 fLm. Note that the location of the first minimum of the pattern is independent
of coherence, the lobe FWHM and the depth of the nulls change only slightly, and
the peak intensity varies linearly with coherence.
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C.

Effects of Partial Coherence on Far-Field Properties

1.

Lobe Width as a Function of Coherence

It may be surprising to see from Figs. 4 and 5 that the width of the central
lobe is nearly independent of coherence. It may be less surprising if we
point out that the location of the first minimum of the far-field pattern is
determined by the emitter geometry. With the onset of coherence, the central
lobe begins to rise out of the incoherent background as a small spike that
is no wider than the fully coherent lobe. As coherence increases, more
energy goes into the central lobe, but the width and general shape do not
change much. This is emphasized in Fig. 6 which shows the FWHM of the
central lobe as a function of coherence for two 11-emitter arrays. The
FWHM changes very little for coherence between 20% and 100%. The figure
also shows that the fill factor 3 affects the lobe width only at very low
coherence.
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Emitters 350 11m long, 500 11m period, fill factor= 70%
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Fig. 6. The FWHM of the central far-field lobe as a function of coherence for an
array of 11 emitters, based on the calculations described in the text. In this example
the coherence is the same for all emitter pairs. Emitters are 350 f.Lm long on 500 f.Lm
centers yielding a fill factor of 70%. Overall length is 5350 tJ.m. A= 0.84 f.Lm. The
99% fill factor array is a good simulation of a single, continuous emitter.
3

Fill factor is the ratio of the emitting area of a source to its total area.
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Peak Power on Axis as a Function of Coherence: Strehl Ratio and
Power-in-the-Bucket

Although the width of the central lobe does not depend strongly on coherence, the height or peak intensity does. As we have pointed out, the need
for high peak intensity is a major motivation for producing coherent beams.
Peak intensity is sometimes specified as the Strehl ratio, defined as the ratio
of the actual peak intensity in the far field to that of an ideal emitter. The
meaning of ideal emitter is subject to interpretation. We will assume for
these arrays that the ideal emitter has the same geometry as the actual array,
but produces uniform plane monochromatic (coherent) waves from all
emitting elements. Figure 7 shows the dependence of Strehl on coherence.
It is linear in this simple example in which the coherence is always assumed
to be the same for all pairs of emitters, regardless of their separation. The
Strehl ratio is independent of fill factor, although the actual intensity on
axis is larger for higher fill factor.
Another measure of useful power is power-in-the-bucket (PIB), defined
as the fraction of the total emitted power that falls within a given aperture,
or bucket. We define that aperture here as the angle between the first zeros
of the far-field pattern of an ideal emitter defined just as in the preceding
paragraph. PIB is then the fraction of the total power within an aperture
1.0
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0.6

0.8

1.0

Coherence

Fig. 7.

Strehl ratio versus coherence for the same 11-emitter array as in Fig. 6.
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Fig. 8. Power-in-the-bucket versus coherence for the 11-emitter linear array in Fig.
6. The bucket here is an aperture the size of the diffraction limited central lobe
between its zeros.

the size of the ideal central lobe. The effect of coherence on PIB for the
11-emitter array above is shown in Fig. 8. PIB depends linearly on coherence
in this case, as did the Strehl. However, PIB also depends on fill factor,
since the energy in the side lobes increases with lower fill factor. The
maximum PIB for a single uniform, coherent emitter with length equal to
the entire 11-emitter array is easily shown analytically to be 90.3%. That
corresponds closely to the y = 1, 99% fill factor array, confirming these
numerical calculations for that case.
Note that all the previous calculations apply to linear arrays. If a twodimensional array had the same geometry and coherence extended to both
dimensions, then the results would have to be squared. For example, an
ideal square array with 99% fill factor and coherence= 1 would have PIB =
0.90 2 = 0.81.

3.

Contrast in the Far-Field Pattern as a Function of Coherence

We showed earlier that the FWHM of an array far-field pattern does not
depend strongly on coherence. The contrast, or the fringe visibility in the
far field, does depend on coherence, but that dependence varies strongly
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with the number of elements in the emitting array. Let us define a normalized
contrast, C, in the intensity distribution as

C =/max

(15)

/min'

and the visibility, V, as
(16)
The dependence of C and Von coherence can be calculated using Eq. (14)
for specific cases. The relation of either of these to coherence depends on
N, the number of elements in the array, and on the details of the distribution
of coherence in the array, as well as on aberrations. For a two-element
array with equal intensities, which is the same as the well known two-slit
experiment of elementary optics, we will show later that V is a good
approximation to y. An example of that is shown in Fig. 9.
For comparison, Fig. 10 shows far field patterns for an array of21 emitters
having coherence between all pairs of 100%, 80% and 20% ( y = 1.0, 0.8 and
0.2), and no amplitude or phase aberrations. Although one can distinguish
between these extreme cases, notice that the visibility is higher than the
coherence for the y = 0.8 case, and much higher for the y = 0.2 case. For
large N the incoherent component of the intensity is spread over such a
large angle compared to the narrow coherent component that its effect even
at the nulls is small, so the visibility and contrast remain high even for low
coherence. However, the total integrated incoherent energy is significant
and reduces the energy in the central lobe as has been shown.
It is even more misleading to interpret the quality of an emitted beam
from a measurement of only the central region of a far-field pattern. Figure
11 shows the central lobe of the same 21-emitter array with y = 1, 0.8 and
0.2, plotted with approximately equal peak heights on the page, as one
might take this data in a laboratory. Without knowing the absolute intensities
shown on the vertical axis, the patterns reveal little about the coherence or
Strehl rato, particularly if there is some uncertainty about the zero level.
Figure 12 shows Vas a function of y for various values of N, the number
of emitters in the array, assuming that the coherence 'Ymn = y is the same
between all pairs of emitters and there there are no intensity or phase
variations across the array. For arrays with more than 20 elements, we see
that V > 90% for any y > 50%.
An important conclusion of this is that visibility and contrast are not
good measures of coherence except for arrays with few elements.

M. Lurie
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Fig. 9. Far fields of an array of only two emitters with equal intensity, showing
that the visibility Vis approximately equal to the coherence y. (a) y = 1.0, V = 1.0.
(b) 'Y = 0.80, v = 0.84.

D.

Effect of Linewidth

The preceding calculations assumed quasi-monochromatic light, i.e., that
the linewidth could be ignored. We will show here that this is true in the
far field of most lasers and arrays.
For any linewidth 11!, we would expect intuitively that fields emitted by
the source at times differing by r would remain at constant phase difference,
or be temporally coherent, as long as r « 1/ !1f. That corresponds to observing
the fields emitted by two points on the source having different optical path
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Fig. 10. Far fields of a 1-D array of 21 emitters showing that for this array neither
the visibility nor depth of the nulls indicates coherence. In this array, when the
coherence is reduced to 20% the visibility of the pattern is still 72%. Each emitter
is 300 ,_..m long on 600 ,_..m centers, is coherent, and has uniform amplitude and
phase. Wavelength is 972 nm.
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Fig. 11. The central lobe of the far field of the 21-emitter array for y = 1, 0.8 and
0.2, showing that the shape of the pattern, without absolute intensity information,
is not a good indicator of coherence or Strehl.
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Fig. 12. The dependence of visibility V on coherence y for various values of N,
the number of emitters in the array, for an array in which coherence y.,., = y is the
same between all pairs of emitters and in which there are no intensity or phase
variations across the array.

lengths to the observer, sj and s;, such that sj- s; = cr « c/ !J.f The path
difference sj- s; at which the beam loses coherence is called the coherence
length I. In this intuitive case, 1= c/ !J.f More precisely, we define coherence
length as 1= cr where T is the value that yields y 11 ( T) = 0 or 1/ e or some
other small value chosen for a particular case. Then as long as the path
differences sj- s; « 1, we have y 11 ( T) » 0 and the effect of temporal coherence
or spectral linewidth is negligible. (One can show that I'll ( T) is a constant
times the Fourier transform of the line spectrum, which allows us to calculate
actual values for T and I. The results are close to the intuitive 1= c/ !J.f)
Table I illustrates some typical values of coherence length, using the approximation

c

1=!J.j"

(17)

For the dimensions of most diode lasers, and even arrays, path differences
from any point on the array to any point in the far field receiving significant
intensity are usually < 1 mm. According to Table I, temporal coherence
(and linewidth) has negligible effect on those far fields for linewidths of
even 1 A. For the same reason, measuring coherence by observing far-field
interference patterns yields only the spatial coherence. Of course there are
examples in which path differences can be much larger, in which case
extremely high values of temporal coherence are required.
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Table I
Linewidth and coherence length for a spectrum
centered at A = 850 nm (f = 3.5 x 10 14 Hz)

1.0 nm (10 A)
0.1. nm (1 A)
2.0x 10-6 nm

!:J.f

Coherence Length, I

400 GHz
40GHz
1 MHz

0.7 mm
7mm
300 meters

There are simple demonstrations of the fact that the far-field pattern of
a typical laser or array is independent of linewidth. For example, consider
that the first zero of the far-field pattern of a uniform source with length
D » ,.\ is located at

.

Sill

,.\

00 = - = Oo
D

(18)

so
(19)
The quantity d,.\f ,.\ is usually much less than one for any laser. For example,
if d,.\ = 10 A and ,.\ = 1 fLm, then 10 A/1 fLm = 0.001. Then d0 0 / (} 0 « 1 and
the zeros of the far field pattern essentially overlap for the entire range of
wavelengths, yielding a total far-field pattern nearly identical to that of a
source with zero linewidth. That is true even for this broad linewidth of 10 A.
This does not contradict the fact that different laser modes produce
different far fields. Although the modes have different wavelengths, it is the
difference in spatial distribution that is responsible for the different far-field
patterns.

E.

Effects of Aberrations Not Related to Coherence

Lasers may have defects that alter the output in ways that resemble partial
coherence, but are independent of it. Since coherence is a correlation over
time, it is not affected by any stationary aberration in a beam. Stationary
aberrations, such as a distorted wavefront, do not imply low coherence.
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The important distinction between the two is that the stationary aberrations
can be fixed by stationary corrections, at least in principle, like a suitably
figured transmitting correction plate, whereas low coherence cannot be
improved by any stationary element. High peak intensity can be restored,
at least in principle, for a laser with a badly distorted wavefront. But nothing
can be done to restore the peak intensity of a laser with low coherence.
1.

Phase and Tilt Errors

Figure 13 shows an example of the effects of random piston phase errors
among the array elements. The far field of our earlier 21-element array is
shown, assuming 'Y = 1 and no tilts in the outputs. The array is ideal except
for the piston phase errors among the emitters. In this example, the Strehl
ratio is reduced to 0.5, and there is a shift of the peak to a small positive
angle because of the phases. Many extra peaks are formed, but many of
the nulls between them remain deep. Tilt angles among the emitters of up
to a few lobe widths produce only small shifts in the lobes because the
main steering effect is from interference. However, adding tilt to the piston
phase errors of Fig. 13 increases the deterioration slightly. Figure 14 shows
the result of piston phase similar to that used in the previous figure, but
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Fig. 13. Far field of a 21-element array that is ideal except for random piston
phase errors among the emitters, compared to the array without phase errors. Strehl
ratio= 0.5. The array elements are 300 1-Lm long on 600 1-Lm centers. Wavelength is
1.0 j..Lm. The peak random phase error is 3.0 radians.
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Fig. 14. Far field of the 21-element array with both random tilt (beam-pointing)
errors and piston phase errors, as described in the text. Strehl ratio is reduced to 0.4.

with the required tilt added to make the phases constant across the gaps
between the emitters (the gain sections in the case of a GSE array). The
Strehl ratio is reduced from 0.5 to 0.4.
The effects of these phase errors are similar to partial coherence, in that
they reduce Strehl and power in the bucket, and alter the far-field pattern,
but they do not imply low coherence (Evans et al., 1989).
In both of these examples the far fields could be restored to the ideal
values by placing suitable phase-correcting plates, time invariant, in front
of the arrays, because the coherence is one. Of course for that to be practical,
the aberrations would have to be stable, and the correcting plates would
have to be manufacturable. On the other hand, degradation caused by
partial coherence can never be eliminated with any stationary correction.

2.

Nonuniform Intensities

The effects of nonuniform intensity on far-field patterns of emitting arrays
are much smaller than those of phase aberrations, so much so that in some
cases uniform intensities can be used in calculations with acceptable errors.
This follows from the fact that the Fourier transform of a function is much
less sensitive to amplitude variations than to phase variations. Figure 15

457

Coherence and its Effect on Laser Arrays

Uniform
Normlzd Cos
intensity dist

Ul

c

Q)

c

-0.015

0.005

-0.005

0.015

Degrees

Fig. 15. Far field of the 1-D, 21-emitter coherent array with (a) uniform intensity,
and (b) cosinusoidal variation of intensity from element to element, as in an
evanescently coupled array. The peaks have been normalized.

compares the far fields of an ideal array of 21 emitters in which the near
field intensity is uniform to one in which it is a cosinusoidal distribution
typical of an evanescently coupled array. In this example, the far field
produced by the cosine distribution is very slightly wider and has reduced
side lobes as expected.

III.

FAR FIELD PROPERTIES OF COHERENT AND
INCOHERENT 2-D ARRAYS

Before leaving the subject of the effects of coherence on array properties,
it is useful to go through one more example, a simple calculation of the
peak power of a 2-D array for the coherent and incoherent cases, which
clearly shows the importance of high coherence (Lurie et al., 1988).
Consider a rectangular array of N = nx x ny emitters, each with dimensions
sx x sY, and periodicity lx x ly as in Fig. 16. As before, we assume that each
emitter is itself a coherent source, uniform in intensity and phase. In the
coherent case all the lasers are also coherent with each other. If Yii( T) is
the coherence between the ith andjth lasers, then Yii( r) = 1 for the coherent
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Fig. 16. A rectangular array of N = nx x ny lasers, or any emitters. The dimensions
of each emitter are sx x sy, with spacings of dx and dy along the corresponding axes.
The periodicity is lx x ly, where lx = sx + dx, etc. Values for a typical laser array of
the grating surface emitting (GSE) type used in several numerical examples here
are nx = 11, ny = 10, Sx = 300 j.Lm, Sy = 3 j.Lm, dx = 150 1-1m, and dy = 3 j.Lm. Then
N = 110 and the overall size of the array is 4800 1-1m x 57 1-1m. The figure does not
represent the true aspect ratio of this array.

array, and 'Yii( r) = 0 for the incoherent array, for all i,j, and r. We will
calculate the far fields, particularly the peak intensities.
If the array is incoherent, then the outputs of the component lasers are
independent and interference effects are not possible. The far-field pattern
is then just the sum of the intensities of the patterns of the individual lasers.
In this example all the individual rectangular emitters are identical so each
produces a far-field intensity I 1 (fx,J;,) given by

where P 1 is the power per area of each emitter, sx and sy are its dimensions,
andfx = x 0 / A.z,J;, = y 0 / A.z indicate position in the far field, with z the distance
to the far field plane and x 0 , y 0 the coordinates in the far field. The intensity
/incoh of the incoherent array is just N times that of one emitter, so
(21)
At the peak at fx = J;, = 0,
(22)
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The low, broad curves in Fig. 17 show the intensity along the fx axis for
the incoherent 110-element array of Fig. 16. The beam divergence of the
array, determined by I 1(fx.J;,), is the same as that of any one emitter or
laser, but the intensity, and of particular interest the axial intensity
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/
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Fig. 17. Calculated far fields along the longitudinal (long) axis of the array of 110
emitters in Fig. 16 showing the difference betweeen the coherent and incoherent
arrays. The lower figure is expanded to show the incoherent peak, 110 times lower
than the coherent peak.
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Iincoh(O, 0), is N times larger. The spectrum of the array will contain the
frequencies of each emitter.
If the same array is perfectly coherent, meaning here that all the individual
emitters are coherent with each other, then the output is again easy to
calculate, although the expression contains more terms. For the coherent
array of N = nxny uniform emitters,

(23)
In terms of II (fx, J;,), the far field of one of the emitters,
I'

I' )

Icoh ( Jx.Jy

=

N

2 •

( I'

I' ) • (

II Jx.Jy

sin 7Tn)xfx) 2 ( sin 7Tn)yJ;,) 2
[ I'
·
[' I'
·
ny Sln 7T yJy
nx Sln 7T xJx

(24)

Now the peak at fx = J;, = 0 is,
(25)
This is similar to the incoherent case, but the intensity of each emitter is
now multiplied by N 2 instead of N. The pattern is also modulated by the
two sine terms that come from the interference among the emitters and
produce the comb functions along both array axes. The comb lies within
the envelope that is the far-field pattern of any one emitter. The x 0 dependence of this pattern is also shown in Fig. 17 using the scaled parameter
fx. The increase in axial intensity by an additional N times is a major
incentive for making large arrays coherent.

IV.

MEASUREMENT OF COHERENCE

Techniques for measuring coherence follow directly from the effects we
have calculated. Several tempting approaches are not suitable. We showed
in a previous section that for an array with more than two elements, the
visibility in the far-field pattern can remain high even with low coherence.
Similarly, the width of the central lobe remains narrow as coherence
decreases. Furthermore, broadened lobes can be produced by an array with
high coherence if it has phase aberrations. The conclusion is that the far
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field of an array with N > 2 tells us very little about coherence unless we
know the Strehl ratio and all the aberrations.
The most straightforward way to measure the coherence of a source
(Carlson et al., 1987) is to measure the visibility V of the fringes produced
by interfering just pairs of points across its surface, as indicated in Fig. 18.
For an array, one forms interference between pairs of emitters, or portions
of emitters. A mask with apertures to transmit the outputs of any two
emitters is placed in front of the array. The resulting interference pattern
can be calculated from Eq. (14) although it reduces to a very simple result
in this two-emitter case. Using the definition of V from Eq. (16),
V = I max- /min
/max+ /min'

we can show that for two emitters
.JJI/2
v = 2Iyn{ T) III+ 12

-........... __

-

(26)

Far field interference pattern
of selected pair of emitters

........... _

............ _

-- -.......... __

-- --

~-

--- --

--

~

1\
Mask

Fig. 18.

A method for measuring coherence.
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and
(27)

where 11 and 12 are the intensities due to the individual emitters measured
separately. If 11 = 12 , then we have simply

lydr)l= V.

(28)

coherence = 1

coherence

0.5

coherence

0

0
Fig. 19. Calculated interference patterns formed by two emitters with various
degrees of coherence, illustrating a method for measuring coherence.
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Even if the intensities are quite different, V is still a good approximation
to I'Yd r)l. For example, if II= 2I2 , then 11'1 2 ( r)l = 1.06 V.
Calculated fringe patterns for two emitters with equal intensities are
shown in Fig. 19, for three values of coherence.
The lens in Fig. 18 is not necessary. The shape of the interference pattern
will be changed by removing the lens, because the pattern will not necessarily
be in the far field, but the visibility will remain the same. The lens is
sometimes required simply to cause the two outputs to overlap.
Because the two path lengths from the emitters to the interference pattern
are nearly equal, effects of temporal coherence are negligible and the
quantity measured is the spatial coherence, yn(O), as discussed above. The
spectral linewidth, or the presence of many lines, has little effect on the
interference pattern unless path differences approach the coherence length
of the radiation, shown in Table I to be millimeters or more for most lasers.
Figure 20 shows a measurement of coherence between two emitting
sections of a GSE laser array using this method. The two low, broad curves
are II and I 2 , the measured intensities in the diffraction patterns of the
individual emitters, which of course show no interference. The fringes are
the interference pattern of the two emitters. The measured visibility is
V = 0.86, so 'Y 0.86 for those two emitters, where the approximation is

=

10000..,.-------------------------.,

8000

6000

4000

2000

Fig. 20. Measurement of coherence between two emitting sections of a GSE laser
array by observing their interference pattern. The two low broad curves are the
diffraction patterns of the individual emitters. Emitters are 300 ll-m long on 450 ~J.m
centers. This measurement is of emitters 3 and 5. They are 900 ~J.m apart.

M. Lurie

464

very good. In this measurement T = 0 because the path lengths from the
two emitters to the detector are equal. Coherence between other pairs of
emitters is obtained by moving the masks or using masks with other spacings
between the apertures.

V.

SUMMARY

We defined coherence and presented a general expression for the far field
of a linear array of emitters having any degree of coherence among them.
Other variables such as nonuniform emitter intensity and phase were
included. We also calculated the far field of a 2-D array for the special
cases of coherence and incoherence. The analysis demonstrated that an
important motivation for producing arrays having high coherence is to
obtain high peak beam intensity. For an array of N emitters, all in phase,
each producing axial intensity I at some distant point, the axial intensity
produced by the entire array is NI if the array is incoherent, but is N 2 I if
the array is completely coherent. Between these extremes, the axial intensity
and Strehl ratio vary approximately linearly with coherence. However, the
width of the central lobe does not depend strongly on coherence. We showed
that the FWHM of the central far-field lobe of an in-phase array is nearly
unchanged as coherence decreases from one to nearly zero at which point
the lobe disappears completely. Similarly, for a large array (N » 2) the
degree of coherence of the array has only a small effect on the intensity in
the minima (not the peaks) and on the visibility of the pattern. It follows
that the degree of coherence is not obvious from far-field observations
unless you also know what the peak intensity would be for coherence equal
to one. In practice, that is often hard to know because so many properties
besides coherence affect that peak. It follows that measurement of the
far-field pattern usually tells us very little about the coherence of the source
array. Finally, we distinguished between coherence phenomena, which are
related to correlations over time, and stationary phenomena such as nonuniform intensity or phase across an array, which do not affect coherence.
Stationary effects can be corrected with stationary components such as
phase correction plates, at least in principle, whereas reduced coherence
cannot.
Finally, we described a straightforward if tedious method for measuring
coherence, and showed an example of a measurement for two elements of
a GSE laser array.
A few important conclusions are summarized below, particularly because
they are not all intuitive.
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1. High coherence is essential m an array of emitters to produce the

2.

3.
4.

5.

6.

expected high peak intensity in the far field, high Strehl ratio and large
power in the bucket.
The shape of the far-field pattern is not a good measure of coherence
unless the Strehl ratio is known. Even with low coherence, an array
will produce nearly the ideal shape in the far field. In particular, for
arrays with more than a few elements, neither the width of the far-field
lobes nor the intensities of the minima nor the visibility of the fringes
is strongly dependent on coherence. But the intensities of the maxima
are strongly dependent.
A badly distorted shape in the far field does not indicate low coherence.
Other aberrations can disturb the far field.
The most direct way to measure the spatial coherence of an array is
to measure the visibility in interference patterns produced by pairs of
emitting elements. Spatial coherence is completely characterized by
making this measurement for all pairs of emitters, although that is a
tedious task for a large array.
Temporal coherence or linewidth is not a factor in determining the
far-field pattern in most lasers or arrays. Path length differences are
generally much smaller than the coherence length, even for broad
linewidth lasers.
The term diffraction-limited should not be applied to a laser or array
based only on the FWHM of a far-field lobe. Diffraction-limited implies
that the performance of a source approaches that of an ideal source,
limited only by the laws of diffraction. We have seen that a source
can produce far-field lobes with FWHM approximately the same width
as the ideal case, but having lower intensity, lower Strehl ratio and
lower power in the bucket. High coherence and an aberration-free
beam are both required to produce true diffraction-limited
performance.
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Chapter 10
MICROCHANNEL HEAT SINKS
FOR TWO-DIMENSIONAL DIODE
LASER ARRAYS
J. N. Walpole and L. J. Missaggia
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts

I.

INTRODUCTION

In high average power applications the output power of two-dimensional
arrays of diode lasers, with array dimensions on the order of 1 cm 2 or larger,
is limited by the ability of the heat sink to extract waste heat. For most
types of surface emitting devices, power conversion efficiency on the order
of 50-60% is feasible, but not much higher. Hence, if 100 WI cm 2 of average
optical output is desired, then about 100 WI cm 2 of waste heat must be
dissipated while maintaining an acceptably small temperature rise. Such a
heat sink is possible only when the thickness of layers of thermally conducting material along the direction of the heat flux is made very small. As a
matter of definition, we will describe heat sinks with millimeter or larger
thickness as conventional heat sinks, while water-cooled heat sinks, discussed in the next paragraph with submillimeter thickness will be described
as microchannel heat sinks. The term microchannel actually refers to the
physical dimensions of the cross sections of the channels through which
the cooling fluid flows, which also typically are submillimeter.
In conventional heat exchangers, a fluid or a gas (usually water or air)
is used to cool a heat sink, which may include fin structures for increased
heat-exchange efficiency. As described above, the thickness of the thermally
SURFACE EMIITING
SEMICONDUCTOR
LASERS AND ARRAYS
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conducting material on which the active devices are mounted (from the
heated surface to the plane of heat extraction by the coolant) is at least a
few millimeters. Consider, for example, a uniform two-dimensional heat
load of 100 W/cm 2 into a Cu heat sink consisting of a layer of Cu, 4 mm
thick, followed by an ideal heat exchanger, i.e., no thermal resistance is
associated with the heat extraction by the coolant. The solution to this
simple heat flow problem of uniform one-dimensional heat flow across a
uniform medium and into an isothermal heat reservoir is
R

=

t/K,

(1)

where R is the thermal resistance of a unit area (1 cm2 ) of the Cu layer,
em is the thermal
t = 0.4 em is the thickness of the Cu, and K = 4.0 w
conductivity of the Cu. In this example, R has a value of 0.1°C cm 2/W,
which means that the temperature rise at the surface of the heat sink for
the 100 W/cm2 heat load is 10°C. Note that R in Eq. (1) is the product of
the thermal resistance and the heated area (analogous to the specific resistance used to describe electrical contracts). It is convenient to refer to this
product as simply the thermal resistance rather than the product of thermal
resistance and area. The distinction between these quantities can usually
be made, when necessary, by quoting the relevant dimensions, i.e., oc;w
or °Ccm2/W.
Of course, an ideal heat exchanger does not exist. However, the microchannel heat sinks discussed here may be good approximations to the ideal.
For an area on the order of 1 cm2 or larger, the thermal resistance of a microchannel heat sink is on the order of 0.1 oc cm2 /W, if the mechanical energy
supplied to pump the coolant is kept below about 10W/cm2 , and can be
even lower for larger mechanical power. Hence, in our example, the optimum
total thermal resistance would be the sum of the resistance calculated from
Eq. ( 1) plus the resistance of the heat exchanger for a total of approximately
0.2°C cm 2/W. The corresponding temperature rise would be 20°C.
Clearly, a better thermal design would eliminate the layer of Cu, along
with its 1ooc temperature rise, if possible. Otherwise, as this example
illustrates, a conventional heat sink design in which several millimeters or
more of conducting material is used is at best on the order of two times
higher in thermal resistance than a microchannel heat sink. Because of their
relative thermal conductivities, a thickness of 4 mm of Cu, 2 em of diamond,
or about 1.5 mm of Si is thermally equivalent and equal to 0.1°C cm2 /W,
or about the minimum practical thermal resistance that can be easily
achieved in one-dimensional heat flow. Any practical heat sink for minimum
thermal resistance should utilize material thicknesses in the heat sink much
smaller than the above thicknesses.

rc
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In microchannel heat sinks, heat extraction occurs at distances on the
order of 100 11-m from the surface of the heat sink. The structure first
proposed, built and analyzed by Tuckerman and Pease (1981 a,b) and
Tuckerman (1984), is simply a water-cooled heat sink with ordinary cooling
fins but scaled down in size. Figure 1 shows a schematic illustration of such
a structure. The heat sink has usually been made in Si though other

MICROCHANNEL
HEAT SINK
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OUTLET

MANIFOLD
BLOCK

(a)

MICROCHANNEL
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MANIFOLD
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(b)

Fig. 1. Top view of microchannel heat sink in longitudinal cross section showing
flow of coolant through a heat sink with channel length L. The bottom view shows
a lateral cross section with channel width labeled We, fin width Ww, channel height
b, and substrate thickness t. (Not to scale; Lis typically much larger than the other
dimensions.)
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Fig. 2. Schematic illustration of a microchannel heat sink with a two-dimensional
array of surface emitting diode lasers.

materials can be used. Silicon is easily etched or cut to form channels, it
em), and its thermal
has relatively high thermal conductivity ( -1.5 w
expansion coefficient is close to that of semiconductor materials. After
channels are etched or cut into the heat sink material the heat sink is bonded
to the manifold, and a cover plate is attached to seal the fluid. Fluid enters
at one end of the channels and exits at the other. The channel length is L.
The manifold includes connectors and other details to control and direct
the fluid flow. In Fig. 1 the fin width is designated Ww and the channel
spacing We. The thickness of the heat sink material above the channels is
denoted by t.
Figure 2 is a schematic depiction of a monolithic two-dimensional diode
laser array mounted on a microchannel heat sink. The array is shown with
monolithically integrated external 45° bel).m deflectors, but any type of
surface emitting geometry could obviously be used. The performance of
such microchannel heat sinks will be analyzed here, and experimental
measurements will be discussed. A design to improve temperature uniformity, in which the water flow direction alternates between adjacent channels,
will be presented.

rc

II.

STATIC THERMAL CHARACTERIZATION OF
MICROCHANNEL HEAT SINKS

Phillips has given a very thorough treatment of heat flow in microchannel
heat sinks (Phillips, 1987; Phillips et al., 1987; Phillips, 1988). Here, the
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treatment will be brief. In the following, we use Phillips' notation to the
extent possible. Figure 3 shows the major components of thermal resistance
as identified by Phillips.
For a two-dimensional laser array, heat production near the surface of
the laser wafer is generally nonuniform. In Fig. 3, the source of the heat
flux is shown as localized in the solid rectangular areas on the surface of
the wafer. There is an increase in the spatially averaged thermal resistance
for a nonuniform heat flux compared to a uniform one because the heat
must spread laterally. In most cases, as heat diffuses into the heat sink the
heat flux develops into a uniform one-dimensional flow. When the flux
becomes uniform within the laser wafer (before it enters the heat sink), the
spreading resistance can be included as part of the resistance of the laser

HEAT
SOURCES

MICROCHANNEL
HEAT SINK - - ! >

COOLANT
FLOW

Fig. 3.

Major components of thermal resistance.
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array wafer Rarray and dealt with separately. If the array is mounted junction
side down, then the spreading resistance must be included as part of the
heat sink resistance.
For the case in which the active laser regions are in long periodic stripes,
heat spreading is essentially in two dimensions and can be calculated using
the methods of Joyce and Dixon (1975) or employing the analytic approximation of Liau et al. (1988). This approach is discussed here since it also
can be used to calculate the resistance associated with the constriction of
heat flow into the fins. More generally, for other geometries, such numerical
techniques as finite difference can be used. There is, in principle, an interface
resistance between the laser wafer and the heat sink at the solder joint.
Experimentally, this resistance appears to be negligible for thin solder joints.
Note that the heat sink could be fabricated on the back side of the laser
array wafer. This may not be useful in practice, since it is difficult to fabricate
lasers and heat sinks on different sides of the same wafer and since the
thermal conductivity of the laser wafer is generally poorer than that of other
suitable heat sink material.
The heat sink itself has four major components of resistance, which will
be denoted by RK, Re., Rev' and Rr. The component RK is due to the finite
conductivity Kw of the heat sink material of thickness t. This component
has the same form as (1),
(2)
The next component, Res, is the resistance due to the constriction of the
heat flux into the fins. As mentioned above, this component represents the
inverse of the spreading resistance problem and can be calculated using
the same techniques. Conformal mapping has been used (Liau et al., 1988)
to find the thermal resistance for a long striped heat source 2 W wide, as
shown in Fig. 4, spreading into a wider stripe 2s wide and v tall, which is
(for a unit area)
R =_2_s sinh_ 1 [sinh (7rv/2s)J =-2_s
7TK

sin(7rW/2s)

7TK

[7TV +ln---1--]

2s

sin(7rW/2s)

(3)

for v 2: s. Hence, the increase in resistance due to the spreading (or constriction) is the difference between (3) and the resistance without constriction
v/ K, and thus
1
2s
R =-ln----es

7TK

sin(7rW/2s)

(4a)
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Fig. 4. Geometry for two-dimensional spreading resistance due to constriction,
with the heat spreading from a width 2 W into a width 2s over a distance v. The
solid and dashed lines indicate the isotherms and adiabats, respectively.
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n .
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7TK

(4b)

(The result in Eq. (4a) was given by Kraus and Bar-Cohen (1983) without
discussion of its derivation or the condition that v 2: s.) For our problem,
2s becomes ( Ww+ We) and 2 W becomes Ww, and hence Eq. (4a) becomes
Eq. (4b). In any practical design, Res is small and not important except for
precise evaluation of the thermal resistance.
The most important component, usually, is Rev· It is determined by the
convection heat transfer coefficient h, a function of fluid parameters which
is most often experimentally determined. Once a value for h is obtained,
the analysis is straightforward. The convection heat transfer coefficient is
defined by the following relationship:

q=h(T.-Tr),

(5)

in which q is the heat flux (in WI cm 2 ) from the fin surface at temperature
T., and Tr is the mean fluid temperature. Hence, h has units of WI cm 2 °C.
The heat flux can also be expressed as
q = KrVT.

(6)

where Kr is the thermal conductivity in the fluid and the gradient of T is
evaluated in the fluid at the surface of the fin. If we define a thermal
boundary layer 81 as the width of the region across which the thermal
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gradient is appreciable, then the thermal gradient can be expressed approximately as ( T.- Tr)/ 81 • Hence, the convection heat transfer coefficient is on
the order of Kr/ 81 • This relationship shows explicitly that the thermal
boundary layer should be thin for good convection heat transfer.
Since the experimental values of h are usually determined for flow in an
enclosed channel, the channel surface is characterized by a single value of
h. The total heat flow per unit length into a single channel is then given by
(7)

Here, the factor ( We+2b7JF) is the effective inside perimeter of a channel,
assuming that no heat flows through the bottom of the channel (a worst
case). The fin efficiency 7JF is given by the standard expression for cooling
fins,
7JF =tanh (N)/ N,

(8)

where N = (2hb 2 / Kw Ww) 0 ·5 • The heat flux q, which results from Q defined
by (7) flowing in a width Ww+ We, is given by q = Q/( Ww+ We). Hence,
the thermal resistance component for a unit area due to convection heat
transfer at the fins is
(9)

In order to develop appropriate values for h it is necessary to examine
carefully the fluid flow conditions. As Phillips (1987, 1988) has explored
in detail, for typical microchannel dimensions and fluid velocities there are
three regimes of interest. These are fully developed laminar flow, developing
laminar flow, and turbulent flow.
A.

Fully Developed Laminar Flow

The simplest analysis of the heat flow in microchannel heat sinks assumes
that the fluid flow condition in the microchannels is laminar and fully
developed (Tuckerman and Pease, 1981a, 1981b; Tuckerman, 1984;
Samalam, 1989). Fully developed implies that the width of the thermal
boundary layer is fully established in a distance from the inlet (the thermal
entrance length) that is short compared to the overall length of the channels.
This case is particularly simple because for fully developed laminar flow
between two walls spaced by We, the thermal boundary layer thickness is
about a quarter of We. The thermal profiles developing from each wall meet
in the middle to establish fully developed flow. As discussed previously,
the thermal boundary layer must be small for good heat transfer. Therefore,
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in fully developed laminar flow the width of the channels determines the
heat transfer coefficient, which is thus independent of fluid velocity.
However, channel width cannot be made arbitrarily small and flow cannot
be reduced to zero, as will be shown later.

B.

Developing Laminar Flow

In the developing laminar flow regime the thermal profiles either never
reach the middle of the channels or meet there after developing for a
significant fraction of the channel length. The onset of this regime occurs
as fluid velocity or channel width is increased. The entrance length for
laminar flow is given by

Le = 0.05 Re Pr D.

(10)

Here, D is the hydraulic diameter, a characteristic dimension calculated
from the cross-sectional area A and perimeter p of the channel, and given
by
D =4A/p = 2bWj(b+ We)= 2 Wca/(1 +a)

(11)

with a being the aspect ratio equal to b / We; Pr is the Prandtl number,
which has a value of 6.4 for water at room temperature; and Re is the
Reynolds number given by
Re= VD/v

(12)

with V being the mean velocity of the fluid and v the kinematic viscosity.
From Eqs. (10-12) it can be seen that the entrance length increases nearly
as the square of the channel width for large a and linearly with V. (It is
important to note that v is a significant function of temperature and should
be carefully evaluated to accurately calculate the Reynolds number. Phillips
(1987) found that v and Tr should be determined self-consistently, which
he did by numerically iterating in his calculations until a self-consistent
value of v( Tr) was obtained.) In the developing flow regime the value of
Rev will vary with length, becoming larger as the outlet is approached. Both
this effect and a longitudinal variation of Rr, discussed below, lead to
longitudinal temperature gradients. These may be troublesome for temperature uniformity, but the longitudinal heat flux generated by longitudinal
gradients can usually be neglected in calculations of heat flow. The reason
for this is that the vertical gradients (between the surface of the heat sink
and the coolant) are much larger than the longitudinal gradients, except
near the edges of the heated regions of the heat sink where diffusion of
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heat into the unheated regions or into the package containing the heat sink
may occur. This matter is also discussed in later sections.
It is convenient to introduce the dimensionless Nusselt number Nu given
by
Nu= hD/Kr.

(13)

Using the approximate relationship 8, = Kr/ h, we have, in terms of the
Nusselt number, 8, = D /Nu. For fully developed laminar flow the maximum
Nusselt number for rectangular channels is 8.23, which occurs for large
values of a where D approaches 2 We. Hence, 8, = We/4.1, as stated above
for fully developed laminar flow, and h = 4.1Kr/ We. These values are
independent of the Reynolds number as long as fully developed laminar
flow applies. The thermal entrance length Le is dependent on Reynolds
number, however, as seen in Eq. {10). Turbulent flow in channels is considered to be established when the Reynolds number is greater than about
2300. As the turbulent transition is approached, Eq. (10) gives for water at
room temperature
(14)
Le=736D,
which, for a typical value of D = 100 f.Lm, gives a thermal entrance length
of 7.36 em. Hence, undeveloped laminar flow occurs in heat sinks on the
order of a centimeter or so in length well before the transition to turbulence.
C.

Turbulent Flow

In turbulent flow the thermal boundary layer can become fully developed
with a thickness that is a small fraction of the channel wall separation We.
This is because turbulent motion is very effective in mixing the fluid inside
the turbulent core of the channel, thus making velocity and temperature
quite uniform in the core but with much sharper gradients in the boundary
layer and much smaller boundary layers than in fully developed laminar
flow. For turbulent flow the empirical correlation used by Phillips for the
Nusselt number is given by
Nu (z) = 0.012[1.0+ (D/ z) 213 ](Re0 ·87 - 280)Pr0 .4.

(15)

For flow conditions just at the turbulent transition, i.e., Re = 2300, and for
large z (fully developed flow), (15) gives Nu = 14.1, and hence 8, = We/1.05
and h = 7.05 Kr/ We in the limit of large a. The thermal boundary layer is a
smaller fraction of the channel width than for fully developed laminar flow.
For larger Reynolds numbers still smaller values for the thermal boundary
layer and larger values of h will result. The thermal entrance length for
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turbulent flow can be seen from (15) to be about
(16)

Le= lOD.

Hence, for channels that are on the order of a centimeter in length and
have D = 100 1-1m, the value of h is nearly constant over about 80 to 90%
of the length in turbulent flow.
The final thermal resistance component Rr arises from the fact that the
cooling fluid absorbs heat and the mean fluid temperature Tr(z) increases
in an approximately linear fashion as the fluid moves along the channel
with an average velocity V in the z direction. For narrow channels this
component can become more important than Rev. From conservation of
energy, the heat exchange equation is

m[cp(d Tr(z)/ dz) + p[ 1 (dP(z)/ dz)] = Q(z).

(17)

Here, m is the mass flow rate, given by m = PrA V, where Pr is the fluid
density, A is given by A= b We; cP is the heat capacity of the fluid; and
Q(z) is the rate at which heat enters a channel per unit length and is a
constant for a uniform applied heat flux q given by Q(z)=q(We+ Ww),
neglecting longitudinal diffusion of heat. The term in Eq. (17) involving
the pressure gradient dP(z)/ dz represents the mechanical energy due to
friction that is dissipated as heat in the fluid. Since the gradient is negative,
this term adds to the temperature rise but is independent of the applied
heat load. Hence, it is not a part of the thermal resistance and is included
separately below. If we neglect that term and take Q as a constant, Eq. (17)
can be integrated along the length of the fin z (which varies from 0 to L)
to obtain for the temperature rise at any point z, 11 Tr= Qz/(prA Vcp). The
thermal resistance per unit area contributed at any point z is obtained by
(18)
This component varies from zero at the inlet to the maximum value for
z = L at the outlet. Diffusion of heat into unheated areas or into the package
containing the heat sink reduces the maximum value of Rr and modifies
the linear dependence on length as discussed later. If the term involving
the pressure gradient is similarly integrated a temperature rise due to the
hydrodynamic power (or the mechanical pump power) results that is clearly
proportional to Rr. Hence, the additional rise in temperature of the water
is given by
11Tmeeh(z)=Rr(z)(

!lPVA
)
Ww+ We L

Rr(z)pH,

(19)

where !lP rs the total pressure drop and PH is the total hydraulic (or
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mechanical) power per unit area. Strictly speaking, Eq. (19) includes only
the pressure drop integrated along the channels and not pressure drops due
to bends or restrictions in the manifolds and connectors. These other
pressure drops will nevertheless heat the water and can be approximately
accounted for by including them here.
It is significant that the hydraulic power causes a temperature rise which
is proportional to only one of the components of the thermal resistance.
As a consequence the hydraulic power, in principle, can be larger than the
heat load but still be effective in reducing the temperature at the surface of
the heat sink.
In summary, the total thermal resistance from the junctions of the laser
array devices to the inlet water includes the thermal resistance of the array
and the heat sink
(20)

where the thermal resistance of the heat sink is composed of four terms:
(21)

For later convenience, the first three of these components can be grouped
and defined as R,h = RK + Res+ Rev, so that we have
R heat sink = Rth + Rr •

(22)

Finally, the total maximum temperature rise is
Ll Tmax = qRtotal(L) + Ll Tmeeh(L).

III.

(23)

NUMERICAL TECHNIQUES

The theory outlined in the previous section uses several different approximations to model the complete three-dimensional problem of heat flow in
microchannel heat sinks. A different approach is to simplify the modeling
and use numerical calculations such as finite difference techniques to solve
the heat flow problem.
In principle, even the fluid can be treated by finite difference equations
in which heat is convected as well as conducted into and out of each finite
difference unit cell. Two possible problems are encountered in treating the
fluid by finite difference techniques. First, velocity profiles of the fluid must
be known to properly treat both the developing laminar flow and the
turbulent flow regimes. Especially in the turbulent flow regime, such profiles
are not as well understood for a variety of different dimensions and fluid
velocities as are the Nusselt number correlations used to determine the
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convection heat transfer coefficient h. Moreover, the problem automatically
becomes three-dimensional when the fluid flow is included in this fashion.
As discussed below, only a two-dimensional treatment may be needed for
most problems. Hence, it is simpler to treat the heat sink fins using finite
difference techniques but model the fluid as before with boundary conditions
determined by h. The finite difference calculation or other numerical technique will yield R,h as given in Eq. (22) rather than separate values for the
components discussed earlier. The Rr is found independently as before from
Eq. (18) and added to R,h to obtain Rheatsink·
Numerical techniques provide an alternative to the approximations used
in Phillips' approach, i.e., the constriction approximation for heat entering
the fin and the approximations involved in the standard fin equations.
Three-dimensional flow in the fins would allow treatment of lateral and
longitudinal heat diffusion. Here, lateral refers to the direction along the
surface of the heat sink perpendicular to the direction of water flow, and
longitudinal refers to the direction parallel to the water flow (the stream wise
direction). The use of three dimensions instead of two greatly increases the
number of calculations and hence both computer programming and running
time. If linear superposition can be used, it is simpler to treat a twodimensional model at any cross section of the heat sink to obtain R,h and
then solve a differential equation for heat flow for variations along the
length or width of the heat sink. The nonlinearities, which are thus neglected,
include the variation with temperature of the thermal conductivities of the
heat sink material and the water as well as other fluid parameters such as
density and kinematic viscosity.
In a later section, the results of finite difference calculations in two
dimensions are used to obtain parameters for a solution to a differential
equation along the length of the channels when water is made to flow in
alternating directions in adjacent channels.
Although transient heat flow in microchannel heat sinks is not treated
here, it should be noted that, with the addition of thermal capacity to the
finite difference equations, it is straightforward to model the transient
problem. Some examples of transient solutions are included in Donnelly
(1990).

IV.

LONGITUDINAL DIFFUSION OF HEAT

As has been mentioned several times, at the edges of the heated regions of
the heat sink the diffusion of heat laterally and longitudinally through the
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heat sink and its fin may be important. The flow of heat results from the
strong thermal gradients at the edges of the heat sink. Heat flow in the
lateral direction can be treated in a manner similar to heat flow in the
longitudinal direction. However, the lateral direction may not be as important for two reasons. First, the heat sink is thin in the channel regions,
which reduces lateral heat conduction compared to longitudinal, i.e., heat
must flow laterally through the portion of the heat sink that is only t in
thickness. In the longitudinal direction, however, the average thermal path
has a thickness H = t + b I 2 when W w = We. A second reason that the lateral
diffusion may be less important is that it is not difficult to design the heat
sink and its manifold so that there is very little unheated region at the lateral
edges into which heat can flow. In the longitudinal direction, however, the
requirements for the fluid manifold, water connectors, and electrical connectors may make termination of the structure in a small distance from the
heated array difficult in practice. For this reason, we treat here a model for
longitudinal heat flow to demonstrate the effects that occur.
The model used is based on an approach suggested by Phillips' (1987)
handling of this problem. Since the real boundary conditions at the edge
of the heated portion of a heat sink can involve heat flow through the
manifold or other parts of the packaging, as well as conduction and convection cooling of the manifold and package parts by supporting structures
and the air, the problem cannot be addressed in a universal way. Instead,
Phillips treated the heat sink as very long (infinite) compared to the heated
length in the longitudinal direction. The only flow of heat outside the heated
length is conduction through the heat sink, including the fins, and the
convection of the water flowing through the channels. Otherwise the system
is considered adiabatic. With this idealization the problem can be solved
for a linear system with constant h along the channels.
Conservation of energy implies the following coupled differential
equations for the temperature at the surface of the heat sink T(z) and the
temperature of the water Tr(z) (if the hydrodynamic power is neglected):
d2T
-KwH dzz +(T- Tr)/ Rth = q

(24a)

(24b)
where H is the average thickness of the heat sink and its fin in the
longitudinal direction and the other symbols have already been defined.
Note that R 1h is defined by (22) and must be treated here as a constant,
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i.e., independent of z, which is approximately true for fully developed
laminar flow and for turbulent flow conditions. For developing flow it is
necessary to use an average value for Rth. In (24a) the first term on the left
is the longitudinal flow of heat and the second is the heat conducted to the
water, while Eq. (24b) is the same equation as Eq. (17). It is straightforward
to show that (24b) can be used to express Tin terms of Tr and its derivative.
Then, Eq. (24a) can be integrated once to obtain a second-order differential
equation for Tr. This equation can be solved by standard techniques, which
then permit the use of (24b) to obtain a result for T(z). An approximate
expression for T(z) within the heated length is
T(z) = Iinlet+ q{[Rr(L)](zl L+!)+ Rth[1- e-(-yz+f3L/ 2 ) cosh ({3z+ 'YLI2)]}.
(25)

Here, the origin of the z-axis is taken in the middle of the heated length
(- Ll2 '5. z '5. Ll2), in contrast to the assumption used in Eqs. (18)-(23)
(0 '5. z '5. L). The boundary conditions that have been applied are Tr( -oo) =
Tinlet and Tr(+oo)= Iinlet+qRr(L). The parameters'}' and f3 are given by
'Y = Rr(L)I(2LRth)

(26a)

f3 = ['}' 2 + 1I(KwHRth)] 112 •

(26b)

The expression given by Eq. (25) is obtained by neglecting 'YI f3 and 11 f3L
compared to unity, a good approximation for most cases. Outside the heated
region, T(z) decays exponentially as ( -'Y+ {3)z for negative z and ( -'Y- f3)z
for positive z and is continuous with (25) at z = ±LI2. Since'}'« f3 in most
cases, the thermal decay constant, or the thermal diffusion length, is approximately 11 {3. Plots of [ T(z) -Iinletl with and without longitudinal diffusion
are shown in Fig. 5 for the following parameter values: Rr(L) =
0.03 I L oc cm 2 I W, Rth = 0.08°C cm 2 IW, Kw = 1.5 WI em oc, H = 350 !J.m, and
L= 1.0, 0.5, and 0.1 em. This figure makes clear that measurements made
for very short heated lengths must be properly interpreted if extrapolations
to large lengths are to be made. For very short lengths the contribution of
Rr can be neglected, and as seen in Fig. 5, the maximum value of resistance
occurs near z = 0. When Eq. (25) is evaluated at z = 0, it can be seen that
Rth with diffusion is given by
Rth,ct = [1- exp ( -f3LI2)]Rth·

(27)

However, Eq. (25) was found with the assumption that f3L » 1, and for
small enough L this assumption is no longer valid. In that case, though,
(25) underestimates the effect of diffusion and even smaller values of thermal
resistance would be obtained than predicted by Eq. (27). In addition real
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Fig. 5. Effects of longitudinal heat diffusion on the thermal distribution for various
heated lengths.

boundary conditions rather than idealized ones at the edges of the heat
sink may remove even more heat. For example, if the manifold is made of
copper or another good thermal conductor, this would enhance cooling at
the edges.
V.

THEORETICAL PREDICTIONS OF PERFORMANCE

For proper heat sink design the overall resistance should be dominated by
Rev, i.e., the extraction of the heat should be limited by the convection
cooling rate of the fins. In order to optimize heat sink performance , it is
helpful to first consider that the values of the channel aspect ratio a and
channel width We are fixed and find an optimum for Ww in terms of those
parameters. Rev can be written as
Rev= (ljh)(1 + Ww/ Wc}/(1 +2a1JF)

= (1/ h)(l + Ww/ Wc}/{1 + (2Kw Ww/ hW~) 0 " 5 tanh [a(2hWe/ Kw) 0 ·5 ]}.
(28)
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With the value of a and We fixed, setting the derivative of Eq. (28) with
respect to Ww equal to zero, we find the minimum value of Rev occurs when
(29)
where a= (2Kw/ h We) 0 ' 5 tanh [a (2h Wei Kw) 0 ·5 ]. Since a » 1 for most practical
ranges of parameters, the minimum resistance is when Ww= We. If Rev is
now written with we = ww' we have

If we now ask for an optimum value of the channel aspect ratio a, we
see that a appears only in the term tanh [a (2h We/ Kw) 0 ·5 ], which monotonically increases with a so that there is no optimum. Nevertheless, there is
a point where increasing a yields very little further improvement in Rev.
When the argument of the hyperbolic tangent is 1.0, the value of the
hyperbolic tangent is over 0.76 and becomes greater than 0.9 for an argument
greater than 1.5. Hence, when

(31)
there is little advantage in a further increase in a. The extra fluid flow only
costs mechanical energy to pump it. For most ranges of other parameters,
a typical value for a determined from Eq. (31) is in the range of 3 to 8.
Phillips' (1987) detailed calculations show, for a wide variety of the parameters Ww, We, and a that low values of thermal resistance occur. Hence,
there are no clearly optimum parameters. Samalam (1989) addressed the
issue of optimal dimensions, but only for the case of fully developed laminar
flow. His theoretical analysis is interesting and provides some new analytic
expressions for the case considered but is of limited applicability since it
does not apply to developing laminar flow or turbulent flow.
In order to have a complete theoretical model it is necessary to model
the pressure drop versus fluid flow in the channels as well as in the manifold
where bends and changes in flow cross-sectional profiles occur. The reader
is referred to Phillips (1987, 1988) for these details, which again depend
upon the regime of fluid flow. The minimum mechanical power required
(for 100% pump efficiency) is determined by the product of the pressure
across the heat sink and the volumetric flow rate given by VA times the
number of channels, i.e., volume of fluid pumped per second. A typical
heat sink may operate at 10-100 psi (68.9-689 kPa) with flow rates of
5-30 cm 3 / s requiring 0.5-20 W of mechanical power to cool a 1 x 1 cm 2 area.
Figure 6 shows calculated thermal resistance versus channel width for Si
microchannel heat sinks with an aspect ratio a = 4. The heat sink is assumed
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Fig. 6. Calculated thermal resistance versus channel width for the conditions:
300 K water, fin width equal to channel width, channel height equal to four times
channel width, 1 em-long channels, and 1 em-wide heat sinks. The dashed curves
represent the thermal resistance for constant hydraulic power PH, and the solid
lines delineate the regions of the various flow regimes: developed laminar flow,
undeveloped laminar flow, and turbulent flow. (Based on unpublished calculations
of R. J. Phillips.)

to be 1 em wide by 1 em long with water coolant entering at room temperature. These calculations were made by Phillips (1987, 1988) for comparison with an experiment that will be described later. In the present
context, we point out the three regimes of fluid flow, shown by dashed
curves with solid lines separating the different regimes. Three different sets
of dashed curves were calculated for three assumed mechanical pump
powers indicated by the labels PH= 1, 10, and 100 W. There are breaks in
the curves at the transition to turbulent flow because the calculation
arbitrarily assumes an abrupt transition at Re = 2300. In reality, that transition would be expected to be smoother.
A better understanding of the trends shown in Fig. 6 can be obtained by
considering the decomposition of the thermal resistance for the PH= 10 W
case shown in Fig. 7. Here, the thermal resistance components arising from
the heating of the fluid Rr and the convective compon~nt Rev are plotted
versus channel width for the same heat sink as in Fig. 6 with a = 4.0. The
total resistance is also shown, which includes the small additional terms RK
( t = 175 !Lm) and Res. As expected, for very narrow channels the convective
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Fig. 7. Components of the thermal resistance for 1 em-long channels at constant
hydraulic power of 10 WI cm 2 • (Based on unpublished calculations of R. J. Phillips.)

term becomes very small since the boundary layer is also very small. On
the other hand, for narrow channels the heating of the fluid becomes
dominant. The best channel aspect ratio is no longer determined by Rev but
rather by Rr as given by Eq. (18), where we see that either a shorter channel
length or a larger aspect ratio or both could be used to reduce Rr so that
Rev dominates the resistance. Either solution leads to extra mechanical
power. Breaking a long channel into many short channels requires complex
manifolding and increases the overall hydrodynamic power needed. For
high-aspect-ratio channels, extra fluid must be pumped. In addition, very
high aspect ratio channels are difficult to make in practice and they must
have good mixing from the top to the bottom of the fluid in order to absorb
heat, since the fin efficiency becomes low for a much greater than the value
given by Eq. (20) and little heat reaches the bottom of the fin. Good vertical
mixing is not likely to occur for laminar flow.

VI.

EXPERIMENTAL MEASUREMENTS

There have been a number of experimental demonstrations of micro channel
heat sinks since Tuckerman and Pease (1981a,b) first proposed and demonstrated their usefulness (Goldberg, 1984; Mahalingam, 1985; Sasaki and
Kishimoto, 1986; Kishimoto and Sasaki, 1987; Hwang et al., 1987; and
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Nayak et al., 1987). The lowest values of thermal resistance reported prior
to 1988 were 0.072, 0.08, and 0.083°C cm 2 /W for Phillips (1987, 1988),
Kishimoto and Sasaki (1987), and Tuckerman (1984), respectively.
Kishimoto and Sasaki's and Tuckerman's best results were for interrupted
fins. In these heat sinks the fins are not continuous along the channel length
but rather exist for a short distance and then are absent for a short distance.
In this way the buildup of the thermal boundary layer can be interrupted
before it reaches too large a value. Mter the interruption the buildup must
begin again where the fins are reintroduced. Phillips (1987) showed that
there should be little if any thermal advantages for interrupted fins, but
they may be useful for a practical reason. When a channel becomes clogged
at some point in its length, the interruptions allow for a detour path (or
bypass), which is useful if clogging of channels is a problem.
Tuckerman (1984) used very narrow high-aspect-ratio channels (We=
55 fLm, Ww = 35 fLm, b = 400 fLm) with mechanical pump power of
1.73 W/cm 2 • Kishimoto and Sasaki (1987) do not give the pump pressure
used but they give channel dimensions (We= 150 fLm, Ww = 150 fLm, b =
400 fLm). Phillips (1987, 1988) used relatively wide low-aspect-ratio channels
(We= 200 fLm, Ww = 155 fLm, b = 165 fLm) with mechanical pump power of
3.02 W/cm2 • Most of the microchannel heat sinks have been made in Si.
Phillips' work differed in this respect since he used InP, which has less than
one-halfthe thermal conductivity of Si (K 10 p = 0.6°C cm/W). Phillips as well
as Kishimoto and Sasaki used heated lengths of only 0.25 em, while Tuckerman used a heated length of 1 em. Hence, Phillips' and Kishimoto and
Sasaki's thermal resistance would be larger than Tuckerman's for the same
heated length.
The use of microchannels as heat sinks for diode laser arrays was first
described by Walpole (1988). A more detailed description of the work is
provided in a report by Missaggia et al. (1989). The heat sink and laser
array configuration reported was similar to that shown in Fig. 2. The
two-dimensional surface emitting array has monolithically integrated beam
deflectors (Liau and Walpole, 1987) fabricated in a GainAsP/InP doubleheterostructure wafer. The dimensions and construction of the Si heat sink
can be seen in Fig. 8. Forty channels (400 fLm deep, 100 fLm wide, and on
200 fLm centers) were cut in a 575 fLm-thick Si wafer with a dicing saw. The
channels covered an area 8 mm wide by 10 mm long. A second Si wafer
was soldered to the first wafer to cover the channels and form the heat sink.
The heat sink was then mounted into an aluminum manifold, and water
was forced through the microchannels at pressures up to 517 kPa (75 psi).
A flow rate of 20 cm3 Is through the micro channels with a pressure drop of

487

Microchannel Heat Sinks

HEAT SINK

(A)

SOLDER JOINT

Fig. 8. Dimensions and configuration of microchannel heat sink used for the
two-dimensional diode laser array experiment.

482 kPa (70 psi) across the microchannels were the standard experimental
conditions. The average velocity of the coolant through each channel was
1.25 x 103 cm/s, corresponding to an average Reynolds number of approximately 2000, a value near the transition between laminar and turbulent flow
regimes. The range of Reynolds numbers was 1650 to 2350 because of
variations in coolant kinematic viscosity with temperature.
The surface emitting laser array used to characterize the heat sink consisted of 41 rows of lasers with four lasers in each row, with a row spacing
of 100 IJ.ffi and row length of approximately 1.02 rom. The area of the array
( -0.04 cm 2 ) was considerably less than that of the heat sink (0.8 cm 2 ). The
heat delivered to the array was determined by measuring the current-voltage
characteristic of the array, calculating the electrical input power, and subtracting the optical output power. The laser array was used both to apply
a heat load (up to 500 WI cm 2 heat loads were applied in the 0.1 x 0.4 cm 2
heated area) and to sense the operating temperature from the temperature
dependence of the threshold current. In this manner the total thermal
resistance Rtotai from the laser junctions to the inlet water was determined
to be 0.079°C cm 2 /W.
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Further analysis showed that the thermal resistance of the heat sink
accounted for 0.04°C cm 2 /W of the total resistance and the rest,
0.039°C cm 2 /W, was the thermal resistance of the laser array itself, Rarray.
The calculated value of Rheatsink was 0.035°C cm 2 /W for the geometry shown
in Fig. 8, in which the heated length is only approximately 1 mm. The
thermal diffusion length along the direction of flow was calculated to be
0.60 mm, and the projected value of Rheatsink for a 1 x 1 cm 2 heated area
was 0.07°C cm 2 /W, which includes the maximum value of Rr calculated
near the outlet. The calculated Reynolds number for the 1 em heated length
is just slightly larger than the 2300 required to be within the turbulent flow
regime. Mechanical power dissipation was about 12 W/cm 2 • The data point
in Fig. 6 represents this extrapolated value of 0.07°C cm 2 /W for the thermal
resistance of a full 1 cm 2 area and for 12 WI cm 2 mechanical power. A very
similar heat sink has been used for experiments with hybrid arrays of diode
lasers as described in Chapter 5 of this volume (Williamson et al.). In these
experiments the heated length was 1 em, and the thermal resistance data
obtained, Rheatsink = 0.074°C cm 2 /W, is in close agreement with the numbers
extrapolated here (Donnelly, 1990).
A low value for the thermal resistance of a microchannel heat sink was
also reported by Mundinger et al. (1988), who demonstrated a single
edge-emitting linear array (a bar of lasers) bonded between a diamond heat
sink bar and electrode bar. This assembly was then attached to a microchannel heat sink in such a way that the axes of the lasers were perpendicular
to the surface of the heat sink. Heat flowed into the diamond heat sink and
from there into the microchannel heat sink. This technique allows, in
principle, a large stack of laser bars separated by diamond heat sinks and
electrodes to be attached simultaneously to a microchannel heat sink. The
channel widths were 75 J.Lm, and an aspect ratio of five and a value of
t = 175 J.Lm were used. A pump pressure of 20 psi was used for a flow rate
of 10cm3 /s per square centimeter, which is equivalent to 1.38W/cm2 of
mechanical power dissipation. The heated length in this case was the width
of the diamond heat sink, 300 J.Lm.
The value reported by Mundinger et al. (1988) for the thermal resistance
is 0.04°C cm 2 /W. For the microchannel heat sink parameters listed above,
the thermal diffusion length, 1/ {3 in Eq. (27), is approximately 1 mm. Hence,
because of diffusion as given by (27), the measured value of thermal
resistance is approximately a factor of 0.2 lower than that which would
result for the same heat sink with a long heated length. For a 1 em length,
a thermal resistance of at least 0.2°C cm 2 /W would be expected with additional temperature rise due to heating of the fluid along the length.
Rheatsink
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A later paper by some of the same authors (Beach et al., 1990) reports
microchannel heat sink performance for 295 fLm heated lengths in which a
very small channel width was used, We= Ww = 25 fLm. The other crosssectional dimensions were b = 200 IJ.m and t = 181 fLm. The thermal resistance reported, 0.014°C cm 2/W, is slightly larger than 0.011 oc cm 2/W, the
value predicted by Eq. (27) using R 1h = 0.036°C cm 2 /W as calculated by
Beach et al. (1990) without diffusion, and f3 = 25.7 em - I as calculated from
Eq. (26b) with H=281 fLm and neglecting y. This heat sink demonstrates
the very small values that can be obtained for thin channels with very small
heated length. It should be clear, however, that such low values of thermal
resistance cannot easily be maintained for longer heated lengths because
of the heating of the coolant which dominates the thermal resistance as
illustrated earlier in Fig. 7. Although, in principle, it is possible to provide
a heat sink for a large area using many short channels placed end to end,
a practical mechanism for distributing the coolant without large manifold
losses has not been demonstrated. One of the solutions that has been
suggested is the use of manifolds, which are equivalent to another set of
relatively long, wide microchannels, to feed the coolant to the relatively
short, narrow microchannels (Harpole and Eninger, 1991). It is unclear
how large the overall manifold losses would be in such a scheme.
Beach et al. (1992) also discuss an approach in which one-dimensional
arrays of edge-emitting lasers are mounted on short, narrow microchannel
modules. These modules can then be stacked together to provide a large
light emitting area where the light emerges from the stacked ends of the
modules. This approach, of course, cannot be used for two-dimensional
arrays of surface emitting elements, but it is interesting as a means of
achieving cooling of a large area. The data presented, however, are for only
one module and hence do not address the issue of the actual thermal
performance of a stack. The performance of such a stack would be measured
by the ratio of the temperature rise at the surface of the heat sink to the
power removed per unit of emitting area. The individual modules may be
considerably thicker than the laser bars themselves, which may limit the
packing density of emitters and hence the optical output density and the
thermal heat load density.
Mott and Macomber (1989) and Macomber and Mott (1990) have
measured the thermal resistance for a microchannel heat sink with a twodimensional surface emitting diode laser array. They obtained a thermal
resistance of 0.04°C cm 2 /W, which is much smaller than their theoretical
prediction. Consistent with our previous explanation, the discrepancy was
attributed to diffusion of heat.
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VII.

ALTERNATING DIRECTIONS OF WATER FLOW IN
ADJACENT CHANNELS

In the discussion so far it has been assumed that water flows in the same
direction in all the channels. This is the simplest configuration to achieve
experimentally. However, there are advantages if the direction of water flow
could alternate in adjacent channels. As will be shown, the maximum
temperature rise is reduced and temperature uniformity can be improved
(Missaggia and Walpole, 1990, 1991). Figure 9 shows a design for an
alternating channel flow (ACF) heat sink. In Fig. 9(a) the heat sink is shown
schematically with its fins. The heat sink is attached on the channeled side
to a manifold plate, depicted in Fig. 9(b ), which contains holes to direct
the flow of water.
The dotted lines represent the location of the channels with respect to
the holes in the plate. The positions of inlet and outlet plenums, which
would be provided in a surrounding package, are also indicated. Inlet water
flows into the circular holes B and C in the manifold plate. The coolant
entering row B exits at row D, while coolant entering row C exits at row
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Fig. 9. Alternating channel flow design: (a) schematic of Si microchannel fins
showing coolant flow directions, and (b) schematic of manifold plate showing
alignment with microchannels and inlet and output plenums.
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A. Hence, water flows from B to D and from C to A in alternating channels.
Thus, the average temperature of the coolant is nearly constant, providing
a more nearly uniform thermal resistance over the surface of the heat sink.
To determine the coolant temperatures in adjacent channels, T1 and T2
in Fig. 9(a), a set of coupled differential equations based on an energy
balance of the coolant is required. These equations include the effect of
lateral heat flux from one channel to another but neglect longitudinal heat
flux. (Diffusion of heat could also be treated using the same approximations
as in Eqs. (24-26), but the algebra is very tedious.) From these equations,
T1 and T2 can be determined at any position in the streamwise direction.
The equations can be written as

(32)

and
(33)

where ril is the mass flow rate of the water per channel, cP is the specific
heat of water, and Q1 and Q2 are the heat flows per unit length per channel
into the channels whose temperatures are denoted by T1 and T2 , respectively.
The difference between (32) and (33) yields
(34)

where Q = q( Ww + We) is the total heat flow per unit length per channel,
assumed to be constant along the channel. If the assumptions are made
that a linear regime of heat flow applies and that h is constant with z, it
can be shown that the sum of Eq. (32) and Eq. (33) yields
(35)
Here, Rrm is the thermal resistance between the two channels, i.e., Rrm =
2( T1 - T2 )1 ( Q2 - Q1 ). The parameter Rrm can be calculated using the finitedifference techniques described earlier at the same time that the parameter
R 1h is calculated.
Equation (34) can be integrated immediately and substituted into (35),
which after integration and some manipulation yields
T1 (z) = QI (rilcp)[z + 2zLI (Rfinrilcp)- 2z 2I (Rfinrizcp)] + 'Iiniet

and

(36)
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The average water temperature is
Tave = ( T1 + Tz)/2 = Q/(mcp)[L/2 + 2zL/(Rfinmcp)- 2z 2 /(Rfinmcp)] + Tiniet·
(38)
For longer channels the ACF design is particularly attractive, and it is
interesting to consider a large-area heat sink with high-flow conditions.
Therefore, a projected 10 x 10 cm 2 heat sink with 10 em-long channels is
theoretically modeled for a heat flux of 100 WI cm 2 and a flow rate corresponding to a Reynolds number of 2500 Uust within the turbulent regime
for rectangular channels). For 33 channels per centimeter with a:= 4, the
flow rate was 44.4 cm 3 Is, and the convection heat transfer coefficient calculated was 3.0 WI cm 2 °C. For turbulent flow, the value of h remains constant
along the channel except for a negligible entrance length. The calculated
temperature rise above the inlet water temperature of both the heat sink
surface and the water (average temperature) in the streamwise direction
can be seen in Fig. 10. The thermal resistance of the heat sink Rheatsink is
0.13°C cm 2 /W. The maximum surface temperature differential, which occurs
between the inlet/ outlet and the center of the heat sink, is 0.85°C. Therefore,
the maximum variation in thermal resistance is 0.0085°C cm 2 /W, and the
contribution to Rheatsink due to the temperature rise of the water is Rr=
0.038°C cm 2 /W. For a conventional heat sink of 10-cm length, the longitudinal variation in temperature would be 6°C (a variation in Rheatsink of
0.06°C cm 2 /W), and the maximum contribution due to the water temperature
rise Rr would be 0.06°C cm 2 /W.
For the conditions of the projected 10 x 10 cm 2 model, a finite-difference
calculation was also used to generate a heat-flux plot for a cross section of
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Fig. 10. Calculated temperature variations for a 10 x 10 cm 2 heat sink with streamwise profiles of surface temperature rise and average water temperature rise above
the inlet temperature.
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the fin, taken at the inlet/ output position where the maximum difference
in adjacent channel water temperatures occurs, as shown in Fig. 11.
Isotherms are drawn for temperature increments of 0.25°C together with
adiabatic lines. The lateral temperature variation at the surface of the fin
is less than 0.05°C. Most of the heat entering the top of the fin exits to the
inlet side as expected. A similar cross section taken at the center of the heat
sink (5 em position) would show a symmetric heat flux plot with no lateral
surface temperature variation since the adjacent water temperatures T 1 and
T2 are the same.
The pressure drop that would be created by the friction losses in the
10 em-long channels was calculated and found to be 452 kPa. The corres-

.H

= 0.25°C

T1 = 22.0°C

Fig. 11. Calculated heat flux plot with isotherms and adiabats, illustrating the
transfer of heat from the hotter channel to the colder one. The inlet and outlet
temperatures ( T 1 and T2 ) and the heat sink surface temperature ( T5 ) directly above
the fin are indicated. Isotherms are shown in increments of 0.25°C.
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ponding mechanical power generated by the flow of water through the
microchannels would be 2.0 WI cm 2 , only 2% of the assumed heat load.
The experimental characterization of an ACF heat sink was done on a
heat sink with a 2.3 em heated length (Missaggia and Walpole, 1990, 1991).
The heat sink was fabricated in Si with 33 microchannels in a width of 1 em
and with an aspect ratio a= 4. A device for supplying a uniform heat flux
was obtained by fabricating a thin-metal-film resistor on the surface of the
heat sink. First, a 5000 A layer of Si0 2 was deposited to provide electrical
insulation between the resistor and the Si. Then, a thin film of titanium
(1000 A) was deposited over the Si0 2 • Finally, electrical contacts were
formed at each end of the thin film. The heated area was 2.3 em long
(streamwise direction) and 1 em in width.
A thermal image processsing system was used to determine the temperature rise and uniformity over the heat sink. Data were obtained with
the heat sink operating at two different fluid flow conditions (case one and
case two) with an applied heat load of 18.6 WI cm 2 (the maximum load that
could be applied without dielectric breakdown of the Si0 2 insulator) and
an initial coolant temperature of 22°C. The surface temperature rise and
stream wise temperature uniformity under the thermal load were documented
for each case. For the experiments described here, relatively small flow
rates were intentionally used, since low flow enhances the small temperature
variations which were otherwise difficult to measure accurately on relatively
short channel lengths. In case one, the flow rate of the coolant was 15.8 cm3 Is
with a pressure drop across the heat sink of 73 kPa. The flow rate and
pressure drop for case two were 28 cm 3 Is and 248 kPa, respectively.
The experimental results are compared with theoretical predictions in
Fig. 12. For case one, the surface temperature rise was approximately 2.6°C
above the coolant temperature, which results in an experimental thermal
resistance R 1h of 0.14°C cm 2 IW. A significant experimental effect causing
nonuniformity and not included in the theoretical modeling is the diffusion
of heat at the perimeter of the heat sink into the adjacent brass package.
This effect was negligible in the lateral directions because the package was
only slightly wider than the heat sink. In the longitudinal directions,
however, the effect was large near the ends. The use of additional heaters
at the perimeter of the heat sink to reduce these end effects has been
proposed (Phillips, 1987). Alternatively, thermal insulation to prevent heat
loss at the perimeter could be used. For a sufficiently large heat sink, as
discussed in the following paragraphs, the end effects may not be important.
Except for the end effects, the experimental streamwise surface temperature profile is nearly constant ( ±0.1 °C). Nevertheless, a consistent trend
is detectable in the data suggesting a small slope (approximately 13%1 em
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Fig. 12. Experimental and theoretical profiles shown by data points and solid
curves, respectively. Conventional flow denotes coolant flow in one direction through
half the channels, and ACF denotes alternating channel flow at two flow conditions.

in case one) in the profile at the center of the heat sink. This may be due
to either a gradient in the heat load, i.e., resistor thickness, or to a variance
in the flow rates in the two directions. For case two, the measured maximum
surface temperature rise was 2.0°C, corresponding to Rheatsink =
0.11 oc cm 2 / W. The profile is similar to that of case one with the center of
the profile essentially constant with only a small slope ( <6%/ em), which
suggests that the stronger gradient observed for the lower total flow rate
(case one) is a result of a variance in the flow rates for the two directions.
This slope can easily be eliminated by adjustment of the flow rates.
In order to demonstrate the effects of the ACF design, one-directional
flow was also measured. The design of the manifold plate, which directs
the flow of the water, did not allow for one-directional flow in all the
channels simultaneously, but the flow in one of the directions could be shut
down. Therefore, the heat sink was operated under the same flow conditions
as for case one but with one-directional water flow in half the channels and
stagnant water in alternating channels. As expected, this resulted in a
streamwise surface temperature gradient. It should be noted that if it were
not for the diffusion of heat at the ends of the heat sink, the temperature
variation seen ( -2.4°C) would be larger.
The convective heat transfer coefficient was dependent upon the flow
regime present in the channels for each experimental case. The Reynolds
numbers for the experimentally demonstrated flow conditions of case one
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two were 843 and 1494, respectively. Therefore, the flow regime present in
both cases was laminar flow. (For rectangular channels with an aspect ratio
of six, the Reynolds number for turbulent flow would be approximately
2500 [Phillips, 1987].) Also, because of the dimensions of the channel, the
flow is not fully developed over the channel length. For this type of flow
(thermally developing laminar flow), the convective heat transfer coefficient
h varies along the length. Therefore, an approximation was used, and an
average h value was determined for each flow condition. The average h
values used in the model for the flow conditions of case one and case 2
were 1.90 and 2.24 WI cm 2 °C, respectively.
The theoretical surface temperature profiles can be seen in Fig. 12. The
lower flow (case one) data and theory are in close agreement. The higher
flow data and theory differ slightly in that the theoretical thermal resistance
is higher than the experimental. This discrepancy may result from the use
of a constant h, an approximation that is poorer for case two than for case
one, where the thermal boundary layer is more developed.
This work was sponsored by the Department of the Air Force.
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Addition, beam, 380-381
AIGaAs/GaAs surface emitting lasers, I, 219
applications, 3
arrays, 226, 231
extracavity deflectors, 230
fabrication, 219, 231
folded-cavity, 223
intracavity deflectors, 221
parabolic deflector, 231, 236
A!InGaAs/AlGaAs surface emitting lasers, 226
arrays, 221
fabrication, 227
Alternating channel flow heat sink, 490
Amplifier arrays
GSE semiconductor lasers, 134-136, 159-175
Anti-reflect coating, 182
Aperiodic arrays, 400-402
far field of, 401-402
Strehl ratio of, 401-402
Aperture
filling, 385, 426-427
sharing
coherent, 382-383
incoherent, 383
Arithmetic-geometric series, 399
Array nonuniforrnity, 53
Array tolerance, 53
Asymmetric pumping, two-gain sections, 314
Au/Si02 mirror, 87-89

coherent, 381-383,425-427
incoherent, 380-383
Beam deflectors, 217
extracavity, 230, 249
fabrication, 220,227,231,236,249
intracavity, 223
parabolic, 231, 236
fabrication, 236, 251
f-number, 233, 236
optical considerations, 236
Beam-steering, grating-outcoupled surface
emitting oscillator arrays, 177-179
Bragg condition, 275
deviation from, 277, 282, 294,
297,300
lowest threshold mode, 369
Bragg gratings, 120- I 26
distributed Bragg deflection, I 25
outcoupling angle, I 24
efficiency, 124-125
propagation vectors, 123
tuned, 176
Bragg reflection, I 26
attenuation, 161
numerical methods, 162, 165
off-resonance, 160-165
power reflectivity, 161-162
Bragg scattering, 121-123

Barium titanate, 424
Beam combining, laser

Cauchy-Schwarz inequality, 389
Circular buried heterostructure, 71, 87
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Cleaved-facet lasers, I, 3
Coherence, 6
definition, 437-438
effect on laser arrays, 435-465
establishing, 402-425
external methods to improve, 408-410,
420-425
importance, 436-437
limiting case, 438-439
measurements, 460-464
partial, 396-400
far field, 443-445
far-field pattern contrast, 448-449
interference between point sources,
440-441
lobe width as function of, 446
power-in-the-bucket, 447-448
Strehl ratio, 448
requirements for, 381-384,396-400
spatial, 396, 436, 439
temporal, 396, 437,439,453
Comer-turning mirrors, 131, 148, 191
Correcting plate, lateral mode, 416-417
Coupled modes, second-order gratings, 276,
278
Cut-off, mode, 10
cw condition, 83-85

DBR laser, see Distributed Bragg reflection
laser
DBR model, 376
Differential quantum efficiency, of
GaAlAs/GaAs lasers, 80-81
Diffraction coupling, 40
AlGaAs lasers, 41-42
with C02 lasers, 411
with diode lasers, 411-417
external cavity, 410-417
InGaAsP lasers, 41
monolithic, 410-411
phase difference, 41
reflection coefficient, 42
supermodes,42-44
threshold condition, 43
Diffraction efficiency
absorption effect, 300
DBR laser, 294
for N-grating sections, 344
substrate reflector effect, 305
for three-grating sections, 312
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Diffraction loss, 77
Diffusion equation, 32
Distributed Bragg reflection (DBR) laser, 75
diffraction efficiency, 294
far field, 294
second-order gratings, 293
threshold condition, 294
threshold gain, 294-295
tunable diode laser, 175-176

Evanescent coupling, see Parallel coupling

Fabry-Perot cavity, 72-73
advantages of, 72
laser model, 418-420
transmittance, 418
Far field
absorption effect, 300
aperiodic array, 401-402
DBR laser, 294
diffraction pattern, laser array, 391
1-D laser arrays, 441-457
aberrations not related to coherence,
454-457
calculation, 441-443
contrast as function of coherence, 448-449
intensity, 442-443
linewidth effect, 450-454
lobe width as function of coherence, 446
nonuniform intensities, 456-457
partially coherent, 443-445
phase and tilt errors, 455-456
power-in-the-bucket, 447-448
properties and partial coherence, 446-450
Strehl ratio, 447
2-D laser arrays, coherent and incoherent,
457-460
GSE oscillator arrays, 178
intensity, 435
second-order gratings, 282, 291
three gratings, 314
Fill factor, 391, 393
Finite difference techniques, 472
alternating flow, 492-493
microchannel heat sink, 478-479
Folded cavity laser, see Integrated beam deflec
tor laser
Fresnel power reflection, 166--167
Fresnel transfer function, 411

Index
GaAlAs/GaAs surface emitting laser, threshold
current density of, 78-80
GainAsP/InP surface emitting laser, 72, 87-93,
249
arrays, 252
fabrication, 87-93, 251
history, 219
integrated microlenses, 258
performance, 88-90, 252
reflectivity, 90--93
structure, 87
thermal resistance, 252
Gain-guided arrays, 13, 25
Grating, see also Bragg gratings; Master oscillator power amplifier; Second-order
gratings
lobes, 392
tolerances, 151-153
tuning, 30
Grating confinement factor, 141, 143-144
Grating-coupled surface emitting semiconductor (GSE) lasers, 119-208
active-grating outcoupler, 134--135
advantages, 120
amplifier arrays, 134--136, 159-175
cascaded GSE-MOPA arrays, 168-170
MOPA grating design, 159-168
wavelength tunable diode lasers, 175-177
Bragg gratings, 120-126
2-D oscillator arrays, coherent operation, 204
extended-area, 130--134
fabrication, 179-185
active grating devices, 184--185
etching, 179-180
grating period, 180
passive grating devices, 179-184
plasma deposition, 180, 182
microchannel coolers, 207
one-dimensional, 128-129
oscillator arrays, 136-159
array termination, 147-148
beam-steering, 177-179
comer-turning mirror, 148
critical electrical connections, 155
far-field patterns, 178
gain section to grating section coupling,
145-147
grating confinement factor, 143-144
grating design, 143-145
grating period and threshold current density, 187
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grating tolerances, 151-153
GRINSCH-SCH structure, 141-142
growth and etching tolerances, 148-151
junction-down mounting, 154--156
junction-up mounting, 157-159
lateral guiding, 139-142
lateral mode control, 188-189
mode transmission fraction, 145-146
modulation, 195-199
multiple column output, 191-194
network theory, 177
packaging, 154--159
performance, 185-199
periodicity distortions, 151
photoluminescence measurements, 144
power-current curve, 185-186
progress over last five years, 203, 205
quantum-well active region, 137-139
quantum-well confinement factor, 141
ring array, 192, 194
spatial mode stability, 198
spectral hole-burning, 148-149
structure, 136-139
Talbot plane coupling, 189-191
temperature effects, 194--195
threshold current densities, 138
tilt grating, 152
wafer and device flatness, 153-154
wavelength shifts, 150, 152
single-element, 126-128
synthetic diamond heats inks, 204, 207
two-dimensional, 129-130
comer-turning mirrors, 131
Grating-outcoupled surface emitting laser, 5
steering of, 5
Grating-surface-emitter arrays, see Two-dimensional laser arrays
GSE laser, see Grating-outcoupled surface
emitting lasers

Heat
diffusion, alternating flow, 494--495
longitudinal diffusion, 477, 479-482
laminar and turbulent flow, 481
Heat sink, microchannel, 467-496
alternating flow, 490-496
Reynolds number, 492, 495-496
efficiency, 467
experimental measurements, 485-489
Reynolds number, 487-488
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thermal boundary layer, 486
thermal resistance, 487-489
longitudinal heat diffusion, 477,479-482
numerical techniques, 478-479
static thermal characterization, 470--478
developing laminar flow, 475-476
fin efficiency, 474
finite difference, 472
fully developed laminar flow, 474-475
heat transfer coefficient, 473-474
resistance components, 472-473
spreading resistance, 471-4 73
thermal boundary layer, 473-474
thermal resistance component, 474
turbulent flow, 476-478
theoretical predictions, 482-485
thermal resistance, 468
Heat transfer coefficient
alternating flow, 496
laminar flow, 475
microchannel heat sink, 473-474
High power, 6
Horizontal-cavity surface emitting lasers, 217
AlGaAs/GaAs, 222
AllnGaAs/AlGaAs, 226
arrays, 226, 231, 252
extracavity deflectors, 230
fabrication, 225, 231, 252
folded-cavity lasers, 223
GalnAsP/lnP, 249
InGaAs/AlGaAs, 219
integrated beam deflectors, 217
intracavity deflectors, 221
parabolic deflectors, 231, 236, 249
strained layer, 226
Hybrid surface emitting arrays, 239

Incoherence, 435
2-D laser arrays, 458
limiting case, 438-439
Index-guided arrays, 18, 27
AlGaAs/GaAs, table, 16
InGaAsP/lnP, table, 19
InGaAsP/AlGaAs surface emitting lasers, 2,
226
application, 3
arrays, 226
fabrication, 227
Injection locking, 30
bandwidth, 419-420
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beam steering with, 422-423
coherence improvement with, 420--422
dynamical instability of, 420
temperature stability requirements of, 420
Integrated beam deflector laser, 5-6,217-251
Ion-beam-assisted etching, 220--221, 227,
231-232
fabrication, 240

Kronecker matrix pr0duct, 365-366

Laminar flow
alternating flow, 496
developing, 475-476
fully developed, 474-475
Reynolds number, 487
Laser arrays, see also Two-dimensional laser
arrays
coherence effect, 435-465
diffraction-limited, 465
far field, see Far field
injection-coupled, 351-352
lateral-coupled, 351
one-dimensional
lateral coupling, 362-365
longitudinal coupling, 356-360
Lateral coupling matrix, 367
Lateral guiding, GSE oscillator arrays, 139-142
Lateral mode control, 402-425
correcting plate, 416-417
Leaky mode coupling
MOCVD growth, 38
resonance, 39-40
Talbot filter, 39
Linewidth broadening factor, 420
Longitudinal coupling matrix, 368

Mass transport, 246, 426
apparatus, 248
applications, 248
principles, 247
Master oscillator, external, 417-425
Master oscillator power amplifier, 7, 423-425,
134-136
active grating, 170--175
coherent output power and noise power,
174-175
output coefficient, 171-173
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quantum efficiency, 172
spontaneous emission noise, 173-174
GSE-MOPA
cascaded arrays, 168-170, 199-200, 202
continuous active grating, 202-203
performance, 199-203
spectral control, 200, 202
grating design, 159-168
off-resonance Bragg reflections, 160-165
outcoupling grating period, 159-160
transition and termination reflections,
165-168
holographic grating fabrication, ISO
Microlenses, 257
alignment, 260
applications, 257
diffractive, 414, 426
fabrication, 248, 250
integration, lasers, 258
mass transport, 426
photolytic glass, 426
photoresist, 426
refractive, 426
Mode spacing, 82
Mode suppression ratio, 82-83
Modulation bandwidth, 85-86
Monolithic laser arrays, 223, 231, 249
Multiplexing, beam, 380-381
polarization, 380
wavelength, 381

Near field, second-order gratings, 282, 291
Network analysis, two-dimensional laser
arrays, 351-376
Non-ideal effects, 53
locking criterion, 54
Nonuniformities, effects of
coherence, 396-400
magnitude, 390-393
phase, 394-396

Optical interconnection, 4, 85

Packaging, GSE oscillator arrays, 154-159
thermal conductivity, 154-155
Parallel coupling, 12
coupled-mode models, 20
coupling integral, 21

eigenmodes, 22-23
modal overlap, 21
experimental background
gain-guided arrays, 13
index-guided arrays, 18
noncoupled mode analyses, 27
external mode selection, 30
linear models, 27
nonlinear (saturated models), 31
passive phase compensation, 34
nonuniform single-contact arrays, 25
gain-guided, 25
index-guided, 27
separate-contact arrays, 24
Phase conjugate mirror, 424
Phase-locked arrays, 4
Photon cavity lifetime, 420
Power-in-the-bucket, as function of coherence,
447-448
Proton bombardment, 227, 232, 240

Q, cold cavity, 419
Quantum efficiency, external, 372-374
Quantum-well geometries, 128

Radiance, 384-386
theorem, 385
Rayleigh limit, 396
Reflection coefficient, 160
Reflectivity, 73, 280
maximum effective modal, 371
Refractive index, Fourier expansion, 274, 341
Relaxation oscillation frequency, 85
Reynolds number, 475-476
alternating flow, 492,495-496
experimental measurements, 487-488
Rigrod analysis, 170

Second-order gratings
coupled mode equations, 276
coupled mode solutions, 278
DBR configuration, 293
far field, 282, 291
near field, 282, 291
nonresonant, 27 5
partial waves, 273, 276-277, 287, 342-343
propagating modes, 273
radiation into air, 281-282
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radiation into substrate, 281-282
resonant, 275
symmetry relations, 278
transmissivity, 280
Sensitivity, length-induced phase variations,
322
Sidelobes, 393
Silicon, 470,486,494
Sine function, 392
Si/Si02 multilayer reflector, 90-91
Snell's law, 124
Spatial coherence function, 397-398
Spatial filtering
analysis, 403--407
with broad-area lasers, 407
with complementary filters, 407
with discrete lasers, 407
with fibers, 410
Fourier plane, 403--410
Fresnel plane, 410--417
with GRIN lens, 409--410
to improve coherence, 408--410
with ring resonator, 410
Spatial hole burning, 33
GSE semiconductor lasers, 148-149
Spectral linewidth, 86-87
Spontaneous emission factor, 82
Spontaneous emission noise, active grating
master oscillator power amplifier,
173-174
Spreading resistance, microchannel heat sink,
471--473
Starlight, 436
Strained-layer surface emitting lasers, 226
arrays, 226
fabrication, 227
Strehl ratio, 387-390, 436
of aperiodic array, 401--402
as function of coherence, 44 7
Substrate reflector, 284-286
effect on differential efficiency, 305
effect on threshold gain, 303
Superluminescence, 80-82
Superposition, laser beam, 385, 425
binary grating for, 425
photorefractive crystals for, 425
volume holograms for, 425
Synthetic diamond heatsinks, GSE semiconductor lasers, 204, 207

Index
Talbot cavity, 411--412, 414--417
Talbot distance, 411
Talbot effect, 411--417
coupling,45
monolithic, 46
phase shift, 46
fractional, 413--414
hexagonalarrays,412
rectangular arrays, 412
Talbot filters, mode selection by, 414--417
Talbot plane coupling, GSE arrays, 189-191
Temporal effects, 53-54
chaotic solutions, 56
fluctuations, 55
short-pulse operation, 55
Termination reflection, 165-168
Thermal boundary layer, 473--474
experimental measurements, 486
laminar flow, 474--475
theoretical predictions, 485
turbulent flow, 476
Thermal effects, 53
heat sink, 53
Thermal resistance, 83-85
alternating flow, 492, 494, 496
experimental measurements, 487--489
heat sink, 468
Thermal resistance component, 474
theoretical predictions, 483--484
turbulent flow, 477--478
Threshold condition
DBR laser, 294
three gratings, 311
Threshold current density, 73
ofGaAlAs/GaAs lasers, 76-80
two-dimensional laser arrays, 371-372
Threshold gain
DBR laser, 294-295
substrate reflector effect, 303
vertical-cavity laser, 77
Tolerance
grating, 151-153
growth and etching, 148-151
wafer and device flatness, 153-154
Transition reflection, 165-168
Tunable diode lasers, 175-177
Turbulent flow, 476--478
alternating flow, 492
Reynolds number, 487

Index

Two-dimensional laser arrays
approximate analytic expressions and comparison with experiment, 369-376
coupling types, 352
diode, see Heat sink, microchannel
external quantum efficiency, 372-374
far field, coherent and incoherent, 457-460
field distribution inside array, 375
near-field distributions of grating-coupled
light, 376
network analysis, 351-376
number of injection-coupled gain sections,
374
theory, 354-369
array termination equivalent reflectivity,
356
coupled-wave equations, 364
one-dimensional lateral coupling, 362-365
one-dimensional longitudinal coupling,
356-360
one section example, 360-361
schematic network, 355
signal flow graph representation, 355
ten section example, 361-362
two-dimensional coupling, 365-367
two-section example, 361
3 x 3 example, 367-369
threshold current density, 371-372
threshold gain, 369-371,373-374
threshold properties, 369-370
Two-dimensional surface emitting arrays, 6
applications, 7

Vertical-cavity surface emitting laser (VCSEL),
4-5,71-111
circular buried heterostructure, 76-77
Visibility, far field pattern, 449, 460-461

Wafer flatness, 153-154
Water, alternating flow, 490-496

Y-branch arrays, 47, 409, 427
eigenvalues, eigenvectors, 48
evanescent branch coupling, 49
Floquet solutions, 48
losses, 50
pulsations, 56
relative mode gains, 49
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scattering matrix, 47
spatial gain saturation, 50
"tree" array, 52
wide-waveguide branches, 51-52
X-branches, 52

Zcrnikc phase contrast aperature filling,
426-427
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